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GEOMETRY OF ELECTRON DIFFRACTION

1. INTRODUCTION

‘&, ‘Basis for'ElectrOn'MiCroscopx

The information that is obtained by electron'microscopicalvmetbods
(Fig. 1) is derived from the scattering processes that take place ﬁhen
the electron'beam travels through the specimen;~ There are two main.typesi
of scattering a) elastic - the interaction of the electrons and the

effective potential field of the nuclei - involving no energy loses

and which can be coherent or 1ncoherent (poor phase relatlonshlps) b)

'1ne1ast1c - the 1nteractlon of the electrons and the electrons in the
"speclmen 1nvolv1ng energy losses and absorptlon._ It is the elastic

- . scattering that produces a diffraction pattern; and if the scattering

centers in the specimen are arrayed in an orderly, regular manner such

.as in crystals, the scattering is_coherent and results in'spot patterns,

klkuchl patterns and, if the sample is a fine gralned polycrystal rlng
patterns. | - Q' ' ‘ |

- When an image is formed of the scattered beams, two main mechanisms

of contrast arise. If the transmitted and scattered beams can be made

to recomblne, so preserv1ng their amplltudes and phases, then 2 lattlce

1mage of the planes which are dlffractlng may be resolved dlrectly

' (phase contrast). The principle is the same as that of the-Abbe theory -

for gratings in light optics (see Fig. 2a;c).-'Altefnatively,_amplitude

- contrast is obtained by deliberately exclﬁding the diffracted beams (and -

-

.’-'.. . N _‘ .. N - . ‘ .
hence the phase relationships) form the imaging sequences by the use-of .

"sultably 51zed apertures, placed in the back focal plane of the obJectlve

: lens (Flg 3). Such an image is called a brlght fleld image. Alternatlvely, :

a dark field image can be obtained by excluding all beams except the
particular diffracted beam of interest. Examples are given in Fig. L,

. T
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.We shall return to‘further considerations of this-in the nextuchapter.v
The basic reason for the utilization of the}electron-microscone
| is,irs su@erior resolution.resulting-frbm the rery snall wavelengths
compared to other forms of radiation (light x;rays,'neutrons). The

" resolution is’ glven by the Raylelgh formula whlch is derlved from con—-.
’ 31der1ng the maximum angle of electron scatterlno (a) whlch can. pass

through the objectlve lens. This formula 1s; )

“o. 61A . . . L
R=—mm . (1) where R ds the size of the resolved
a .
object A is wavelength and o is -

R S S 1dent1cal to the effectlve aperture :

:']- _ of the cbjectlve lens.

In the electron mlcrosc0pe, the effective aperture is llmlted

chiefly by spherical aberration.  The spherical aberration error is:

a5 =Cad " (2) where C_ is the coefficient of
" - spherical aberration of the objeec-
._\ _ - o © tive lens (= focal length e.g. 3mm).

Thus R increases with decreasing a3 whereas AS decreases with de=
" creasing . As a result, in electron optlcs one arrlves at an ontlmum o

- gperture and minimum aberratlon given by.

L |
. _ ok aa ,

. “opt ¥ A s : "3)v:_ .

. 3 v _ .
Alen = B(l )C 1/h (4) where A,B are constants = unity.

Sy : o : . :
The relativistic wavelength of electrons depends on the accelerating

'Z'voltage anddis given by the modified DeBroglie ﬁavelength:

~
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. z = h ] . (5) where h = Planck's constant,

| eE | /2 o K

! 2m  eE{l + m_ is rest mass and e the charge

- 2) o , _

[ . 2m'oc -t - ' » - -

. . on the electron, E is the accelera-

S . : - _ting potential (volts), ¢ is the

P - = 12.26 \ B S
S | (R) L N -
o D E1/2(l+o 9788 X lO E)l/z lveloglty of llght’;? is the elec-
T . v , : o a ' ron'veldcity.

and thus decreases Vith energy E. Some values pertinent to electron

;
' ' micfoécb?y afa gi&en below in Table 1. .
‘ | mmIE 1
i 'f _ T"'¥ ‘ ?‘E(volts) v- i{- .lL£l ; B f‘: x'l(Kiél”" ' (v/c)2
; 80kV u;.'. | >0.0h18f vl;i ;>,1 23.95 : v _L‘ AZO 252h '
‘lookv 10,037 | 27.02 a "o.,3oo_5 . —-~-
) 200KV o 'ﬁ_fb}ozs;‘ o mer ~ 0.1835
" 500KV - ooz 1o 36 0.
{271 MeV S of0087' f1" i"* uh.T - 0.8856 -
2 Mev 4';"H,’1,761005 '7_ . f'i198 3' 5.='f‘” :049586 |
10 Mev . 0.0012 | 8u6.8. - 0.9976 |
Ahothef advéhtagenof the sméil waveléngthiof electréns'igvthaf the
.depthibf field and depth of focus are véry large inrelectfon:miproécbﬁés.
| . Thus, at 100 kV a(opt) 6x10‘3 rad. éﬁd AR min = 6. sﬁ for Cg ' = 3.3 ﬁm.
) ‘ :,' .._':“' Other factors whlch affect resolutlon are astlgmatlsm and chromatlc aber—
:; - ‘.ﬂ-' o ration of ﬁhe 1mag1ng systém, and chromatlc abgr;atlon resultlng_from o

’energy 1osses in the specimen. TheSe'errors produce poor'resolution for

.- non axlal 1llum1natlon, such as off axis aperture dark fleld 1mag1no as

can be,seen by comparing Flgures 3 end la,b,c. The chromatlc disc of .

i O T e

" confusion is given by:
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AR L : : o
LA = Cc @ = (6) where Cc is the coefficient of
' chromatic aberration of the lens,
e » AE arises from voltage fluctuations in the incident beam, current

fluctﬁations in the lenses, and absorption pfocesses~iﬁ the specimen.
Whilst copt and AR min change slowly with E (tﬁrough A) ac repidly de-
creasesvvith E and this is one of the main advantages of high voltagev
operation.: | g v
| High voltage electron microscopy is now well establlshed in many
’laboratorles in dlfﬁerent countries. - High voltages are useful for

several reasons (1-T). The effeétive scatterlng eross sectlons decrease

with energy as indicated in Flg. 5. . Thls predlcts an 1mprovement in spec1—

me;'penetratlon for a glven level of resolutlon, and is espec1ally 1mpor—

'tant for materlalS‘sc1ence. Experimentally, however, it is found thau |
oniyvln light materlals (si,A1) is there a s1gn1f1cant galn in nenetra—‘

" tion as shown by Fig. 6. The‘reductlon 1n_1ne;ast1c scatterlng w1th

’ ;ncrea81ng voltage 1mp11ee_a reduction in jonization and ofhef dameging"

processes, and this has been ooserved for'sevefei biologicel and poiymeric

solids. However knock-on damage occurs above a threshold energy whlch

is roughly pronortlonal to atomlc number (e g. = SOOkV for copper'

1 MeV for gold)."A Turther gain from';ncrea51ng.the voltage is the rapidA

reduction in spherical aberraﬁion. "This can be seen froﬁreQuafion»(Q),

viz., AS = C o> and since C_ = A", AS = A°.
A s ST s - _
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h; Diffraction
In crystals, Bragg diffractien occurs and eqﬁation (1)_ean he adapted
fo the special case ﬁhen o= Qé where 8 is the}Bragg angle. Bragg's Law
,derines constructive interference when the'path difference between wayes
N -scattered‘hy Successive parallel planes of atems spaced dbapart is eqmal
to an lntegral number of wavelengths (phase differenee is,ZH/A fimes path -
'difference). If 6 is the angle of incidences then as shown im Fig. T,Ithe p
- path difference between wares 1 andh2 is Qd.siné,;hence Bragg's Lav_is:.'
24 sing = pl | o yhere' n is the order of reﬂéctiog.
' EQuatien'7 is essentially the same asrequation 1 where hom-R = d and negleef-_ -
- ing the faetor 0.61. .The formation of images of lattice planesrih crYstals
w1ll now depend upon whether the recomblnatlon of a dlffracted and the trans—-j
lE%ﬁE?@mPEaE"94PM9°CU?M°P“POt-_ Thus if 2 is the angle between the dlff??SE§§~“_
and transmitted beams 26‘ 'H and frlnges will be formed of spacing x = 1/26- §
Taking this into account' and noting that for small angles Bragg's La; can be
 written 240 = A, and adjustment of the aberration equatlons 2 3 6 the mini-
. mum resolvable frlnge spacing x = 4 is ZK or better at lOO kV An example
fqr 3.1k R lattice images in Si 1is shown in Flg, 2b. ngh resolutlons can
. only be achieved by tilting the villumination so tha‘b the diffracted and -
transmltted beams straddle the optic axis symmetrlcally, 31nce in this
orlentatlon, phase shifts from spherlcal and chromatlc aberratlon camcel._-
Sultably sized obJectlve apertures are used to select the- beams fer 1mag1ng
“r*(F%g. 2c). - It also should be_noted from eqpatlom-(é).that chromatic errors
~vdue‘te energy losses in the specimen are minimisea by usimg very thin speci-
" mens™ (= iooﬁ.) and high voltages. Latfice ﬁnaging' was introduced by vMent-.er (5)

" and has recently been rece1v1ng con31derable attentlon e8> Komoda (9),

"Phillips (10), Allpress and Sanders (ll). It is dlscussed further in this

book by Howie.
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Figure 2 shows that in all cases, the imzge 1is a magnlfied picture -

of the‘diffraction pactern'whether the specimen is crystalline or truly

amorphous. The diffraction pattern itself is formed in the back focal

plane of the objectiVe lens; and by suitable changes'in magnification

4 utilizing projector lenses of variable focal length, it is easy toiquickly '

obtain 1mages and their di fraction patterns on.the fluorescent screenb

and record them photocranhically or display them on a monltor by TV

technlques from which v1deo:record1ngscan be made.__The principle of

. the electron microscope (Fig. 2) can be conveniently'demonstrated by

" setting up an optical bench using a laser light source, and a series of

- glass lenses.

c.‘>Se1ected Area Diffraction

~area for analy51s can be apprec1able. The minimum selected area AA is

' The 1ntermed1ate lens can be focused at the back focal plane of the

“objective thereby allow1ng the diffraction pattern to be observed on the

— screen and photographed. If an. aperture dlameter D is placed 1n.the image

plane (Fig. 2a), only electrons pa351ng through an.area D/M on the spec1—

_men- can reach the final screen. (M is the magnification of the obJective). A

: However due to spherical aberratiOn,.the error in selection of the

' glven by equation 2, replacing o by the Bragg angle 6, viz.,

M = Cse3 ::CS(A/d)3 for small angles.

Since Cs varies gpproximately asvl-l then AA raries as!le and thus

" decreases rapidly with increasing voltage._ Forverample; AAf%-Zu at'lOO.kV'
and 0.02y at l MeV. This illustrates another advantage for‘high voltage
imicroscobj-- | | | | i B o -
g The smallest size aperture D normally used is Su {Flg; 17(b) was . thusi--' :

Obtalned} and cons1derable care must be exercised so as to correctly allgn :

.the microscope with nroper foou551ng.v
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"2, BRAGG'S LAV AND THE RECIPROCAL LATTICE

From equation (7) and Table 1, we can see that for fast electrons
“the Bragg‘angles are very small. For example, for a cubic crystal with
ab'= hx, the Bragg angle 8 for the 200 reflection at 100kV = 0.037 ¢ &

24 £ )1/2 23]. This means'

= io’? radi or = 0. 5° [dQOO =a /(h + k
that Bragg dlffractlon will occur only for those planes that lie w1tn a fev .
degrees or so from the incident beam. i.e. planes whose poles lle close
,t6790° to,the incident beam. If él"'én ere vectors perpendic#ler to thel .
freflecting planes'{hk&}l,.....}:{hkl}n and:[evwﬂ is'the:dlrection.of.the fﬁ
‘. beam, then to a first approximation ) | R
’}.I"éll‘iﬁf’wle{é‘]-[u%]#o. -"(8) | SRR

Thus the dlffractlon pattern w1ll contaln the vectors g lylng normal

_to the beam. In terms of the sterographic prOJectlon we can determlne
the vectors g or the poles of the. planes {hkz} by &raW1ng a great c1rcle :
at 90° to the pole uvw. This great circle Wlll comtain the poles-;atlsﬁy-
"1ng condltlon (8). Conversely, if one wishes to select a2 dlffractlon o
'“vector'g ‘uvw, the great circle of [uvw].contains all the orientations
__._Which contain that partlcular g. This is 1llustrat°d for cUblc crystals'
by the standard projection shown in Fig. 81’
The veétors'g normal to the reflectlng planes are called *ec1proeal
la£tice vectors. They have magnltude equal to the ”ec1procal of th° d
specings of.£he partlcular hk{ planes 1nvolved_<and terminate at recip-

rocal lattice points (relpoints), see Flg. 9

" Thus 121 = %': ‘h*k ¥ for cubic erystals.‘ “f(g)



‘i If a¥, b¥, c¥* are the basis vectors of the reciprocal lattice, then

“relative to‘a point chosen as the origin, every other reciprocal lattice .

.point can be reached by a re01proca1 lattlce vector of the form:

g —-ha* + kﬁ} + zc* where h k,i are alwajs 1nte5ers

: 1dent1cal to the Mlller 1nd1ces of the reflectlng planes.
In the dlffractlon of radlatlon by crystals ‘each reciprocal
1ett1ce p01nt is assoc1atea with a dlffracted beam whose infensity is~'
) proportlonal to the shape, volume and perfectlon of the crystal and the

, geometrlcal structure Factor Fg for the unit cell deflned by-

E f exp[21r1 g(hkz) ] (10)

" cell. The vector T is given by:

-

r =ua + vb + we . I TR L
where u,v,w are the coordinatés of an atom in the unit cell of basis

- vectors a,b,c

’

. Thus é;;»= (ha* + kb* + Lc¥) - (ua + vo + wc)
= hu + kv + lw (s1nce aa¥* = bb” = ce® = 1

‘-= 1ntegral
T Thus "allowed" reflecting planes are those for which ng#‘o.

VForjexamp%e‘forvthe simplest fcc lattice (e.g. Al,Cu,Y-Fe) there are
‘four_etoms of the same kind per cell at coordinates 000, % %Q, %O%, 01—

thus F = f[%‘; e“i(h/2 * kyg)f;’e“i(h/2.+-£72) +.eVi(k/é + 272)]

.

-'remembering that eﬁl =_e3Tri = -] and 6321ri = ehni'é.+l

-

where fvls the atomic scattering factor for electrons’ for each atom in .

the structure, and ;i the vector position of the'ith?atom-in"the"unitm--m

33 -
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0. if h k,¢ are mixed (even and 0dd) 1ntegers

F

i

hf if h, k, 3 are unmixed
Thus,bthe feciprécal lattice cor;esponding.to diffractien iﬁcludes
‘only the-polnts for which F # 0 (Fig. 9). Table 2 summarizes F values
for some simple lattices: Al | S
T L TABLE 2
Geomefrical‘Stfucture Factor Rules for Besic Cells Centaining only 1 Kind

of Atomic Species.

Primitive ~ 7 7 A1l Values h,k,2 F= £ (1 atom per cell) : L
Body Centered 1- _ (h+k+2) even . - F= 2f (2iatoms per cell)
V?ace Centered h,k;l unmixed fl - ‘Fleﬁhf (h_atoms per cell)
Base Centere& . h,k,2 unmixed - T F=of (2 atoms per>cell
(e.g. ab face) B SR ‘ ,
\wﬁexagonal c.p. | | h+2k=3n, ‘2 odd ‘,‘ F ='0 e;g. 0001 R
‘“““ S  he2x=3n, 2 even — - -——F = 2f €.8.-0002 o _____
| h+2k=3ntl, ) odd | F= /3T e.g. 0111
4h+2k=3nil, L even ]". 'F = f e.g.lOllO~

For_cubie crystals these resﬁlts are summarizediin Table:3. The
last column will be useful when diffractienvpatterﬁs are'tefbe indexed.
Since 24 Sin6 = ﬁA '8in6 = ﬁA/Qd hence'the sequence 6f order of
reflectlons goes as h2 + k2 + 2 (1 e. the smallest Bragg angle for
reflection in BCC crystals corresponds to that for the 110 reflectlon)
as listed in Table 3. Thus 220 1is the second order reflectlon of 110
1n the BCC system (n = 2). | | |
'-% For hexagonal crystals, 1t is recommended that the Mlller—Bravals
' four 1ndex notation be used; and it is espe01ally helpful if all crystal—

lographlc data are exp”essed in dlrectlon 1nd1ces. Details are given 1n

_Reference 12.
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TABLE 3
Allowed {hk2} values for'cubic crystals ¥
BCC FCC D.C.
”*\\; no+ke? | nke p2Pre? | mke | nZaPee? | m| /PPl
2 110 S 1.h1k
3 111 3 1| 1732
b - 200 ' 200 2.000"
6 211 _ 2.4k9
8 220 8 220 8 s20| 2.808
10 310 - ) 3.162
B o 1 s .il 311 3.317
BRI BT I N | sae
14 321 | 3.7h2
16 | koo 16 boo | 16 4o | 4.000
18 411,330 | | | sz
19 331 | 19 331| b.sso
20 k20 20 y20 | h.§72
22, 332 o h;690 .
ol h22 ol w2 | 24 Cuop|  b.899
“_26 - | 431,510 _ -_5;099, o
| 27 s11, | 27 511, ¢
v 333 | 333] 5.196
30 . 521 - | _54&77
32 | oo 32 o |32 | ol s.6s9.
- % [h2+k2+i2] has all possiblé‘values éxcept 4P (8n +.T)vwh¢re p,n are

integers including zero, thus e.g. T, 15, 23 are not possible.
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'3. INDEXING DIFFRACTION PATTERNS

| If'a;sphere of radius A—l is drawn fron tne specimen so as to pass
through“thenerigin of the reeiprocal'lattlce; then-it can be‘seen'from Fig. 7T
that the reciprocal 1attice vector g = O*B‘will lie on this sphere if
sine = (l-g) l/2>-(-)]f\), that is 2d sin® = l, since lg] &Y. Thus an |

alternative way of describing Bragg s law is to state that dlffractlon can

only occur when the reflectlng sphere passes throuch (or very close to)
a rec1procal lattice p01nt for whlch F#0 (Flg. 9). |
As shown in Table 1, the reflectlng sphere for hlgh energy electrons _'

has a very large radlus and a number of rec1procalvlatt1ce'p01nts from »I

the.same_reciprocal lattice section can be quite close to the reflecting

sphere and be observed'dﬁ"ahfelectron diffraetion pattern. Because of - o ;

thls fact very little dlstortlon of angles between rec1procal lattlce

vectors or of lengths of reclprocal 1att1ce vectors occurs for high

energy electrons This makes electron dlffractlon patterns very easy

_ﬁo analyse all that 1s needed is a ruler, a compass, and a sllde rule.

The ratlo between two rec1procal lattlce vectors is

.

4
& --:EL— a7 o
= = 1= 2. (13)
& i, 4 L

Restricting our attention to the cubie systems: 1V

I

T8, 4 2 2 Z . . o ' :
e S - R oy

. e 2 ce— s
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'where hlklf"lv and h2k2 2 are the Miller"inaices of the twro dlffracting
planes g1v1ng rise to the spots on the dlffractlon pattern 8y and g2
For example,_ln the fcc system, the [112] dlffractlon pattern for
'electrons will be a rectangular networx of p01nts lylng on the rec1p—

: rocal lattlce section normal to [llEJ and contalnlng the orlgln of
’reclprccal space. This can be seen by drawlng the 112 plane in Flg. 9.ﬁ

‘The two shortest reciprocal lattice vectors will be in the ratios

g o '
= /1 +1% 412

/22 & 22 4 02 R Cle
' S ---- . can be seen that

(15) From Table 3 it :

these .arise from planes of the form {lll}and {220} The’ 81gns on the

Alndlces and the p051t10ns of the indices in the. brackets must now be
chcsen stch that: (a) the indices are so arranged and 31gned that bcth
- récfprscal'lattice reCtors-are ncrnal tc-[ll2j.and'(b)_tnevanélerbetneen :
" the tno.reflecting planes matches'the neasured.anéle between«the'two‘
p reciprocal lattice vectors,'ire.,'

-

e - B T s s - ) .
... eos § = = cos (g,,g,) = 90°. 16 N
-t lgll Igzl 1752 e

- A set of reflectlng planes matchlng these condltlons is (lll) and (220)

. A flnalschecx is made by taking_the cross- product gl x g2 [lll] x [220]
»[22h] il[llQ] We, therefore, a531gn the indices 8 = 111, g2 = 220..

All reciprocal lattlce points on this section can be 1ndexed u51ng proper

. multiples of these two, e.g., &3 =8 + & =.l§l,lgh'= 2gi + 32 = 0b2,

e

BRSOt s v




¥

'twhich a spacincs for a crystal can be_calculated.

= gi'-.gz = 311, etc. These are all normal to [112] and the resulting
pattern_is then completely indexed.

Avsimilar proceedure can be used by comparing the ratios of the

»angles sﬁbtended by dlfferent sets of rel—vectors. Examples of calculated

symmetrlcal Spot patterns are given in several of the texts llsted 1n
the_Bibliography at the end of this chapter.

Usually, in solv1ng the diffraction pattern, it is not known what the

'.normal to the pattern is, ‘and the steps for solutlon are: (a) measure two‘

rel-vectors, find thelr ratlo and’ a551gn tentative hk? values; (v) measure '

' the anc" between the two rel—vectors, a551gn 51gns and p051t10n 1nd1ces

'vsuch that the angle is: correct; (c¢) cross the resultlng rel-vectors and

d PP, - .

~determine the zone axis of the reflectlng planes, and (d) assign consis-

tent 1nd1ces to the rest of the spcts on the pattern.

' The distances measured on the‘diffraction'pattern are actually magnified

reclprocal lattlce vectors, the magnlflcatlon factor for the mlcroscope -

is AL where L is the effective length resultlng from the magnlflcatlons ;

- of the imaging lenses of the microscope column. vThat is, r, the dis— f’

" tance on the dlffractlon pattern from the origin to a dlffracted spot, is

given by: r = g(lL), or rd XL. AL is called the camera constant from

Curvature of the Reflectlng Sohere

That the reflecting sphere for hlgh energy electrons is not completely
3

- flat can be illustrated using low magnlfrcatlons of‘the front focal plane
‘of the cbjective lens. For 100 kV electrons, the reflecting sphere inter-
" sects rel-points on the reciprocal layer containing the origin out to

h_about 2 or 3 degrees so?that many reflections_appear within the zero



layer. At gbout h or 5 degrees it 1ntersects points on the next hlgher

rel—layer (or Laue zone) and at about T degrees, the third rel—layer.

Thus, the reflectlng sphere is not at all flat but since the pattern

- is such a hlghly magnlfied view of a. small section of reciprocal space,

. the approx1matlon of a flat reflectlng sphere is reasonable. As can be

‘Seen from the.(k) values of Table 1, the refleclng sphere becomes
flatter the higher the accelerating voltagevof the electrons.

4. THE SHAPE OF RECIPROCAL LATTICE POINTS

"The Crystal Shape Factor -

" The intensity about the'reciprocal lattice point has'dimensions wvhich

are 1nversely proportional to the dimens1ons of the crystal. A spherical

“f“'=crystal would produce a spherical distributlon of electrons about the ‘“

S - —rel-point. A disc45haped_,_Specimerz,_}«thi_.c._h._is._'_ roughly the shape of the -
irradiated'part of the:specimen'in the electron microscope; would pfd; E
_ ducefelectrons distributed along a rod passing through the rel—point.
‘These-are‘called rel4rods-and haye'their‘loné;axes‘normal toftheithin; R
“nest direction of the crystal,ii.e;, along:the aiisvof the-microscope
column. This phenomenon is simply a reflection of'the ract that.Braggls: S
:Baw’is:rigid.only for a crystal of infinite dimensions. helaxatiOn.of"
the law- oceurs for thin crystals and crystal planes can dlffract waves
'at angles slightly different from the Bragg angle although not as ef~_A f?:
iiczently. The derlvatlon of the 1nten31ty dlstrlbutlon due to thls
“eifect is~given'as follovs. |
‘Since the diffraction pattern is the Fourrier transform of the obJect
the.intens1t1es of diffracted beams depend on the shape and volume of the

’diffracting crystal. In specimens containing planar or ‘volume defects
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(e.g. small particles), two factors must be considered:
1. . Shape factor due to the thinness of fcils in the directioh
of the_beam;'
‘2. Shape factor due to the‘defects in the foil.

‘A useful physical ﬁicture of these effects is obtained by considering,'

_the diffraction pattern to be a‘coﬁposite formed by superposition'of the

diffraction patterns-of the dispersed phases and the'pattern of théhmatrik.

If the structures are dlfferent then, of course, the structure factors

-are ‘also dlfferent -and mixed rec1procal lattlces must he con31dered

| The derivation of the shape factor can be accompllshed by the klnemaa

tical theory of dlffractlon in whlch thin crystals and 51ngle scatterlng

,~are assured. The approx1matlons mean that strong Bragg dlffractlon does

‘not occur i.e. that the reciprocal“lattice point does not coincide-withm—f—~4w~

>

the reflecting sphere Sappose the rel-p01nt is at a dlstance s from

the sphere {Flg 10(&)} S o :.-”

The amplltude of the scattered wave is proportlonal to the atomlc':
scatterlng amplltude.tlmes the phase factor summed over all_atoms.
Consider a parallel—piped crystal madé up of unitfcells each-a xbxe
N, are the number of unit cells scatterlng along

12 72° 73 g
the pr1nc1pal axes a, b, ¢. {Flg. 10 b)} Lo s ' ' 'u'cnii’:‘

N

'1;Let T = the p051t10n of atoms w1th respect to the orlgln of the

_ crystal; ;n = the position of the unlt cells w1th respect to the orlgln



- of the crystal; r the position of an atom with respect to the orlgln

of the unit cell and k=g+s {Flg. lO(a)}
Thus Yff zz:atems ?i exp[2mi(gts) - (ri +‘rn)]:‘ (18)
Ea.ll unit cells LZall atoms per cell % (exp 2ri (g * S) T ]' |

e Gen R o

now

= Zall atoms/cell f ?xP oTi (g +35) - Ty does not depend on the_

-shape of the crysta.l and at s = O this becomes the structure factor

(Eq.lo). " Since ls ]~'<< lgl the dependence on s is not very strong,’

- . - e o e

hence
= Z-_f_i exp [2mi(g + s) * x,]
thus

>

all unit cells Fg exp [2ri g - _rn] exp [2ri s - rn] (20}

Since g - ;n = integer, exp ori(g - ;n)= 1.

Also the quantity s ° ;n does not change appreciably from cell to cell.
Thus by approximating the sum by an integral
g Y exp (2ni S.‘rn) . av (ﬂ) wh‘ere v, = velume
crystal Vc : , . " of the crystal.

By definition r, = ua + vb + wc

s =5 a¥ + g b* + s c¥
x y A
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Yy = 75 .][ . exp (2ni(sx; +'syy + szz)'dx_dy dz (22)
' ¢ 0 Jo. | 0 o A :

- . . - . -

vhich approximates to:

F ( 7s N.a) which is known
g x 1 _

, cin (ns N b) (nsZNéé) :
¥~ | .
, Vc (ﬂsx) .-. : (nx ) | » (psz) o as the inter-.

ference function.

For a crystal in the form of a thln plate N <<N N and for Sy =8, 0 (23)

3 2’ 1
. F_ | o o
v ~—f Sin (1rs N C) i e . (2’4) -
Y (ﬂs ) | | _

N3c -t the thickness of the plate “thus the 1nten51ty is
o 2 . R . R 7 o o C 'A’, :_p:'
Vc ' (“é )2 ' e S L
| This well known function is shown in Fig. 11. It means that for e

-thln foils in electron microscopy, the 1nten31ty distribution about the

reciprocal lattlce points is in the form of a rod. L1kew1se the shape

transform (intensity distributions) for needles is in the form of dises

’“_(Fig.'lé)- These effects are very 1mportant in studles of preclplta— e

tlon, and two well known examples are the formatlon of small platelets

of G. P. zones and 9" on {001} in A1-Cu "and needles in <001> in Al-Mg-Sl.

-_:ﬁExamples are. shown in Fig. 13. Another example for m1crotw1ns is in Flg. 2(c)

The reciprocal lattlce for the matrlx as shown in Fig. 9 should
thus be modified so that the "points™ are rel—rod with the axis of the

rods parallel to the incident beam as shown in Flg lha b. .lf the crystal

.,



is very thln, it is possible for rel—rods from the upper and lower levels

of the rec1procal lattlce to extend suff1c1ently to cut the reflectlng

sphere giving spots at positions which do not correspond to allowed

reflections. _In.order to check for this effect,‘merelj move ipto thicker

parts of the foil when such spots will disappear..' | | n
Tﬁus, sufficiently thin planar defects (twins, stacking faults or

second phases) will glve rise to rel-rods in the re01procal lattice.

The dlrectlon of the rel-rods is normal to the platelet since thls is

the direction along which the. Laue condition is relaxed and in the case.‘

of prec1p1tat10n, in the ggglx_stages the rel-rods will pass through the

»lmatrlx rel-p01nts, i.e. the form factor domlnates the dlffractlon pattern.

2. BEAM DIVERGENCE OR CONVERGENCE
A crystal may be oriented at. the Bragg angle (for a certaln set of
'planes) with respect to the optic axis of a dlffractlon unlt but, unless’

the beanm is perfectly parallel the entlre irradiated area will not be ‘

v':'.at the Bragg angle. For a dlvergent or convergent incident beam, there

will be a continuous range of 1nc1dent angles from one 31de of the Bragg
-sangle to the other. ‘The reciprocal 1attice‘spot resultlng from such an

' irradiated specimen will be spread out about the exact reciprocal lattice.
point. If.the irradiated area is small, subsidiary maxima pay'occur-oﬁ. N

either side of the central maximum (exact Bragg condition) along the

‘direction of the reciprocal lattice vector (Fig. ll)° This represents‘peri—: s

-
-

od1c 1nten31ty osc1llatlons in a foil of constant tnlckness w1th changlng )
angle of 1nc;dence. In the .mage these produce frlnges (s—frlnges) at

~ the reflecting positions called.Bragg contours.
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6. PRIMARY EXTINCTION
- Another pos51b111ty is to have a constant angle of 1n01dent redia-

tion on the specimen and Observe the change in rec1proca1 lattlce spot

*intensity” dlstrlbutlon with changing foil thickness.. In a completely

enalogous manner to the intensity oscillations with changing angle in a
tunlformly thick spec1men, the 1ntens1ty varies perlodlcally w1th thlck- -
~ness at constant 1nc1dent angle {for example, from Eq. 5, the klnematlcal
-Jnten31ty formula whenever s = n/t for constant t, or t = n/s for constant

s, Ve have 1nten51ty minima (Fig. 11)} The klnematlcal theory predlcts

'-a .central maximum at the Bragg angle for any thlckness foil; actually, o

because of dynamlcal effects, there can be an 1nten51ty mlnlmum surrounded '

by two maxima for certain thlcknesses of f011 Thus the shape of. the

rec1proca1 lattice spot and the 1nten51ty dlstrlbutlon about the-exact
rel—p01nt depends crltlcally upon the thickness of the 1rrad1ated speci-

men. Although the rel—rods, due to small thlckness, are stlll present

. the dlstrlbutlon of 1nten51ty along the rel—rods can be vastly altered
by changlng the thlckness'by'a relatlvely small amount. This 1s;the

..~phenomenon called primary extinction and giveserise to'fringe contrastb :

at inclined defects, holes, wedges ete.
T. INFORMATION FROM DIFFRACTION PATTERNS |

The dlffractlon patterns prov1de ba51c crystallographlc‘1nformatron '
such as the orlentatlon of the specimens, orlentatlon relatlonshlps

between crystals, qualltatlve phase 1dent1f1cat10n, and if Klkuchl

“ patterns are utilized, geometrlcal structure factor analy51s is possible :

as well as other information (see sec.‘8) The dlffractlon pattern is

the startlng p01nt for all electron mlcroscopy, and in general one of the




two orientation conditions shown in Fig. 14 are utilized.

. The accuracy of analysis of a diffraction pattern depends upon

[l

) ' : \$ ' '
accuracy of measurement and g;ﬁ?discussed in most of the books cited

-and in several publications (e.g. refs. 12-15); Sonme factors of impor-

tance are l) the form factor as described above, Vhlch determlnes the

' shape of the- 1nten51ty dlstrlbutlon about the rel-p01nts and the relatlve

orientation of the rel-rods to the reflectlng sphere (Flg. lha ,b); 2)

,1nstrumental allgnment and beam dlvergence (defocus the condenser lens to

obtaln as closely as p0331ble parallel 1llum1natlon) 3) spec1men perfec-
tlon (elastlc and plastic stralns), L) curvature of the reflectlng sphere

and relative orientation of the foil; _5) double diffraction giving

rise to reflections of-zero structure factor.

- Sonme further points should be made W1th regard to the 1nterpretatlon

of spot patterns viz.:

-

l), The assignment of directions is arbitrary; e.g. a four-fold.

symmetrical pattern can be 1ndexed in six p0551ble ways lOO

010, 001 (and negatlves) Thus the diffraction pattern of any

cerystal lying within the zero Laue zone (basal plane of the

rec1procal lattlce) will appear the same even 1f the crystal

is rotated 180° ‘about the 1nc1d°nt beam so the orientation

has changed. _ l_

2) For high 1nder-patterns some patterns o;Idlfferent.zone axes are

B 1dent1cal (e.g. SET_and 815 fcc, u2 + v2'+‘V2 g0). Although |

,_one’rarely works in high index orientations,‘the effect should :'
be recogniied. | | |

It is impossible to cover all the various aspects of diffraction
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patterns here but the following examples are representative ones.

a) Double lefractlon B .

The Structure Factor determines that certain re01procal lattice
polnts, on an.otherw1se regular reciprocal lattice, have systematlc '
absences i.e. zero intensity. It is necessary to determlne these nmiss—

- ing reflections to characterize the structure. However each dlffracted
“ beam in the crystal behaves to some extent as an 1n01dent beam and can
:‘_4 ' B ly dlffract electrons to a p01nt on the dlffractlon pattern forbldden by the
- structure factor rules, espec1ally in 51multaneous orlentatlons when
-several different reflectlons are excited. For example, the’ (002)

[ "l. Treflectlon in the diamond cubic structure is not allowed but 1f a [llO]

A\ -

foil is v1ewed the reflectlon (lll) acts as a prlmary beam, dlffractlpg

electrons from the (lll) planes, whlch glves gl + g2 = [lll] + Ell] [o v2]f

_.Thls is shown in Flg. 1L(a). | If the foil has [100] orlentatlon,.the
'two smallest_reciprocal lattice vectors allowed are [022] and [023], so
that the.(OOQ) reflection cannot appear in this pattern._'élmilarly;

. the (OOOl) reflectlon in HCP crystals, whlch is not allowed arises -

through the comblnatlon of two rec1procal lattlce vectors such as 1n the

{1120] orientation gl + g2 = [-ono] + [0111] = [0001] and in [1213],

[llOl] + [1010] [élll] Thls rhenomenon of redlffractlng a dlffracted

beam is very common and is called double.dlffractlon Although 1t is

sometlmes dlfflcult to av01d these effects, tlltlng the f01l so as to
remove one of the dlffracted beams which is requlred for the double :

- *

: d1ffractlon will remove the, foroldden reflectlon e.g. Flg. lh(c) This

3

ieffect is very 1mportant in multlphase alloys and can lead to erroneous

. identification of phases (e.g. ref. 16).

S - . N :.Z‘
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Jt should be noted thaf in fec or bee erystals, double diffraétionb
does not introduce extra spots‘since fhe combination of any two diffracted
) beams generates only allowed reflections.. For example for bece 116 £ 200 - 310
or 110. Altﬁough no extga spots will be observéd, double'diffractibn'
“ will obviously increase the intensity of-those spots wheré superpésitiqﬁ"
roccﬁrs. However, dcuble-diffraction in twipnéd fee or bee crjstalé»céﬁ_ "

introduce extra spots.

?) Mbir; Patterns
o AAspecial case of double diffraction 6ccﬁrs.froﬁ overlapping:crysta;s
such as in composite films,ior in two (or ﬁore) phase systems. wa'gener;l'
cases occur. Firstly, parallél ﬁoirés; whi;h.are formed'from farallei
;irefleéfiﬁgvplanes of different épacings correspohding'to feciprogai_lattice |
~vectors Eiéé differing only in magpitude.: In practice it may‘bediffiEUIt"{”
'Eo reéolve two séparafe_rel—points if gl_and &o arg almost e@ual; :
The effective_recipf¢cal lattice vector for the cqmposite.is thus éi -'Eé o
(for Ei > Eé) correspohding to a msiré”image spacing D? = (gl - 52)—1 and.
lying normal to gi, Eé.' An'exampie for a Cu-Mn-Al alloyvcontaining cé—
herent phases utilizing ill, 222; and 333‘reflection§ is gﬁownvin Fig. 15.
'It cah'bé seénvthat DP #aries inverse;y.as Ag.  | -
‘Secondly, the rotationél mqiré is fbfméd when ﬁlanes of equal sﬁac—il
ing d, but mutually rotated fhrough an angle.a;.diffraét together. In
this case, the effective reciprocal lattiéé vec#qr is g sina and the,moifé .
»image spacing D, is (g ;ina)—l i.e. d/a).  Mixed.m;irés can occﬁr due ﬁo‘
twé ovgrlabping grafings“of.different spacingé and which ére relatively

'~twistéé by 'a small angle.
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'c) Faulted Crystals

Since 1n electron dlffractlon it 1s p0551ble to con31der dlffractlon

from a narrow column of crystal, then even for a single intrinsic stacking'
: . ., h

! CACA i BCA, there

L [} . )

fault, where four layers are in HCP stacking: ABCAB

may be a sufficient volume of HCP material present s0O that the layers can

be regarded as a thin piatelet of HCP structure. One can then consider

<

the diffraction patterh from a foil containing a fault in terms of two ;
reciprocal lattices, viz., one "normal" pattern corresponding to the

matrix and the other consisting of the streaked HCP reciprodal'lattice,.v"

.corresponding to the thin fault, superimposed. (13) Since the fault
‘plane is one of the four{lll} in FCC and because of the unique crystal—
~lograph1c relations between FCC and HCP'lattlces, the rel—rods w1ll lle

_along <OOOl> hep parallel to and c01nc1dent with <111>. fcc continously . SR

thrqughout‘rec1procel space. These streaks which can be con31dered to origin-
ate from HCP reciprocal lattice points will thus pass through sll matrix

reflections contained in the ?articular‘[lll] and parallel zones. Examples.

“ for [I01] and [112] orientations are sketched in Fig. 16(a b); In sup-

port of this view, con51der a dlffractlon pattern taken from a 31ngle B

fault lylng parallel to the 1nc1dent beam (Flg. 16a) Fig. 17 ‘illustrates

.such a case for growth faults in 3111con. The foil is oriehted with

[To1] parallel to the 1nc1dent beam and’ the "edge-on" faults on (lll)
and (I11) are joined by a fault on (111) or (111) inclined at 35° to the
beam. By placing a smaTl field llmltlng aperture over the edge—on.'

fault at A, the diffraction pattern in Flg. lT(b) was obtalned It

“can be seen that streaks are visible along [111] and pass through (OOO)

and the other rel-points. These streaks can be'attrlbuted to the stacking
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fault acting as a thin (HCP) plateiet; the structure is indeterminate
in the direction of streaking, as no maxima are visible along [1111.
If-a larger fraction of'edge-on faults were to contribute to the pat—v

tern; or if there were regular faulting on alternate (111) planes over

a sufficient volume of crystal, then the [I01] pattern would contain

" resolvable HCP maxima as sketched in Fig. 16(a).

Eig..l?(c) is a diffraction pattern taken across the incliped fauith -
shown in Fig. 17(a) after the foil was tilted into a strohg 202 beam
case (i.e. the reflecfing sphere passed exactlf through'the 202 rel—poiﬁt).
Doublets (arrowed) can be resolved in the pattern. These doublets are

due to both the effects of matrlx and fault rel-rods. The orlentation

of Fig. lT(c) is then almost etactly [313] and this may also be taken as the

normal to the foil surface. There are two possible streaklng dlrectlons |

depending on whether the fault is on (I11) or (111). By suitable pro-

'Jection it can easily be shown that the spots to the inside of the -

doublets can only arise from streaks due to a (111) fault. The positions of

these inner spots are exactly where the [111] streaks are expected to

_ cut the reflectlng sphere for thlS'orlentatlon.- The outer spots of

the doublets arise from foil'thickness rel-rods and theirtdistance from
the inner spots corresponds to that celculated for rel—rods'along'[§I3],~\b
This exemple serves to emphasize'the iﬁportance of precise orientation
determinatioes for. explaining fine detail in diffraction patterﬁs}

d,« Twin Patterns

. Twinning is a phenomenon commonly observed as a result of plastic
deformation as well as occurring during martensitic and bainitic phase

transformation (e.g., in ferrous alloys and steels), and is of consider-

kS

gble importance in controlling mechanical properties as will be discussed

@



ia avlater.chapter. The analysis of twinned diffraction patterns is

ifacilitated with the aig of stereographic'projection, or by caleula-v'

tion using matrix algebra, together w1th dark fleld microscopy.. (refs. 17-19)
A tw1n is obtalned by shear such that all atomic sites on one side

of the twin boundany are in mirror image felatlonshlp to those on the

other. For fee and bee crystals the twin planes are {lll} and {112}

' respectlvely. An alternatlve description of tW1nn1ng 1s-that of 180°
f rqtatlon about the twin plane normal (twin axis). These relationships -
f'enable the matrix of the transfdrmation to be'feadily derived. Since

| the ‘indices of re01procal lattlce p01nts are the Mlller indices of. the

dlffractlng planes, the reclprocal lattlce for the tw1nned crystal will

*be related to-that of the orlglnal crystal by the tw1nn1ng matrlx. The

indices of a. rec1procal lattlce p01nt [PQR] for the twinned crystal will
—be related to the point [pqr] in the rec1procal lattlce of the orlglnal
crystal aftervtw1nn1ng on the (hkg) plane {rotatlon of 180° about the

normal to (hkz)} by the following general expression:

L o pmP o ¥ - ®) +aleme) #xlen) (26)
I _ ;i';:§2~? k?'+'22; R oo
R . f.‘ = ,‘ e :. - . - 2 2 . C : v .
S plemk) + o(-n® + X2 - %) + r(2k) (27)
B IR GRS S |
i - - pleng) + ql2xe) + r(-n° - x° + ¢°) T (28)
R=— 2 2 2 : = ' o
- . . h -+ k + g' L o
' In matrlx form, this can be wrltten (PQR) = Thkz (pqr) C
Therefore, the general twinning matrlx for the cubic system is: . §'
SRR h2-k2-2.2  ax omg
ot onk h2+k2 22 2
T | : . (29)
(hke) 2.2 2 » _ S |
B ) _ | s s ool
| ' | e g “h%kSHy )



“of this matrix by| 100

TV NN R S Y BT SR SR

- =26~
_ The indices for rexlectlon in the tw1n plene are Obtalned by letllecatlon

010 -
ool . N -
i.e. the indices are PQR after rotation, but are POR after reflection. (The.i o
_reader can prove this u31ng Fig. 8)

In the fcc systems tw1nn1ng occurs on {111} planes and so in. general"'

- R

-LLoeme ohe | a2

_ T = 1’ _A 2hk -1 2kg e.g. for T = (lll) =.% 2 I )
oo e mea f - T T2 204

- 2.2 2 »
e —— —m— h _k 9’ SN e et e
. Y
. R _ - 1 - ’ 2 . : N
L To) = 3 me BACEZ e
| | o 2.2 2
SRR SN ERES TR T P S S
. . 2 _ - U

The appropriate tyin plane indices can be substituted for each case. (e.g.

Table‘h); For either fce or bee twinning the elements inside the matrices

_shown are integers. Then because of the factor 1/3 outside the matrix;

a1l third order rec1procal lattice spots for the matrlx will coincide with"

if'allowed rec1procal lattice spots for the tw1n Table h 1llustrates for the ,f
'vthlrd order of the two shortest re01procal lattlce vectors in each system,’
" .the’ tw1n rec1proca1 lattlce p01nts obtalned by transformatlon of the

. orlglnal rec1procal lattlce p01nts, i. e., in a diffraction pattern from

1.

'h both crystals, these dlffracted spots would c01nc1de (as is plotted in

Flg. 16(a) It should be noted that if the tw1nned reglon is very narrow,

the twln rec1procal lattlce will be streaked along <111>. Flg. 2(c) shows

such streaks corresponding to the m1crotw1ns spaced 20A shown in Flg. 2(b)

. t
- F
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Notlce also that tw1n C is faulted.

| Table b T e
Pyin Indices PQR of Matrix Reflections par for the First:
Two-Sets of Allowed Reflections in fee and bee Crystals*
S oL FCC . BCC_
IR v pgr . PQR - | C . PQR
o e e k) = (112))  [nke) = (122)]
vl <333 33 330 - Ik NS
.. 333 - Ils- 33 . o3 . -
- 33 IsTT . s - 03T -
L33 s 330 - 330
. 60 B 33 w0 o T
S-o60 W% . - o033 IM . o
L0 o06 o wB . ges . Eey T
T s e

B _ ¥The indices are obtained by the rotation matrix, - S
For reflection (as in stereograms) the PQR indices - A
are the negatives of those shown. - : :

| Reflections of-different indicesjcoiﬁcide when the sum of thevl

i' Squares of their_indices are the same since then‘the"Bragg-angles are
also the same. “Thus {333} and {511} cotneide in fee patterns (2 + 3%+ 9,_2 ‘ 27)
k2 + g2 = 18). Notlce that if a 511 |

I-fee matrix spot tw1ns to 333, then 222 tw1n and lll tw1n spots also apoear _

-

~Zand {hll}and{330} in bec patterns, (h + k7

~1n the pattern. Such a case exlsts W1th <lOS> orlentatlonSf and an example

for double tw1nn1ng in shock loaded copper 1s glven in Flg. 18 ‘ Thls .

s example also 1llustrates how dark fleld 1mag1ng enables tw1n spots to'be -

,1dent1f1ed. The 1nterpretatlon by stereograpblc progectlon is shown in .

Flg. 19 Flg. 20 shows another example of (112) tw1nn1ng in Fe—N1 marten-

51te (bcc) in whlch extra Spots from double dlffractlon also occur (20)

s

e

' Flg, 2(b) ‘shows dlrect lattice images ofvtw1ns in 5111con.



i

T e e G 2 el b TSR

Vo b d G Yo Ly o

T e

In fec crystals, it can be seen that twin spots either coincide
with matrij':'spots or are positioned 1/3 a.lo_ng <111> directions. For

example, in fcc with twin plane (hkg) +

i ) s Ly = 200 - Lau)

111+ %(1_11)

| eoo_ ’ e 3‘(2% )?

| '2'1415 e ,L(_SOOl)T; see e.ls_o-Tabvle h
~ The t'}rin poi-nts. that do not coincide with: nié.trix 'pointsv are thus displaoed '
ﬁ'om matnx pomts by vectors of + l/ 3 <lll> However, not a.ll of the

one-thlrd p01nts are occupled as can be shown from the follmnng The

tm.n pomts oV w of matrlx p01nts uvw are ul = (u lh), = lk), ,

>~ for u:L wl all even, uvwv ali!. odd or v1ce-versa. Hence, 1f uvw are '

. ....\_

w. (w + -—2,) Rememberlng the structure factor rule for fcc crystals

1

(h.k or ulv W, must be a.ll odd .or all even), and that g (uvw) must e
3 . s

lll

- eQual El (ul v, ) then . ‘ o o ,

@CeBav?) o @@r®ed) = ()

vhere N = int_eger,_ for WV, ulv.w , both all even or both a.ll odd, l o

| | also;- l::: ,_ » (u]2_ L+4v32. '+ 'wf_) - (u? +_v2.>-!— w?)‘ 3’=~ 2N +l ('33)1_

I SR

e.ll even, the tw1n pomt ul wl must ha.ve all odd 1nd1ces and V'lce—versa. A

It therefore follows that the allowed tw:.n p01nts (u+lh), (v + §k),--

Yy




w —2) for the 2N + 1 condltlon is given by the follow1ng selection

. c01nc1des w1th the 20h tw1n spot.' As an exerclse, the reader can show )

;_i_pattern.,j g

L
-
&
A=
7
N
*;

.
€
L
-
K

rule: )
e "h‘i+kv+"tw.= (3N + 1) o o (3)

~ This rule.determines whether a point (u % }h),‘(v + }k (w +A%2) is

occupied by a twin spot. Slmllaz' arguments apply to bece and hcp lattlces

wand is: dlscussed 1n detall in references 17 and 18

The stereographlc prOJectlon is also convenlent for analy51ng

'-tw1nn1ng (ref. 19) The tw1n plane great clrcle 1s drawn and reflectlons “ ’

whlch w1ll appear 1n the dlffractlon pattern due to tw1nn1ng will be those

?vwhlch after reflection fall on the ba51c clrcle._ This 1s 1llustrated in

Il Ll

Flg. 8 for (lll) tW1nn1ng in the [OOl] fee orlentatlon, and in Fig. 19

for double tw1nn1ng on (lll) and (lll)ln the [510] fee orlentatlon. The-u

requlred poles are those Wthh 11e at an equal angle to the tw1n plane

V as the tw1n plane 1s from the ba31c c1rcle. These poles, thus also

lie on’ a great c1rcle. ThlS is shown in Flg. 8 as the dotted c1rcle

sF D ot ot

" for (lll) tw1nn1ng, and demonstrates how the 2EO matrix reflectlon

that the tw1n orlentatlon 1s 221, and that no extra Spots appear in the

e

e. Sldebands - Modulated Structures

Another 1mportant effect arises When perlodlc modulatlons; wavelength

JA“'ln comp051t10n occur, such as in splnodal alloys.' Such modulatlons

produce modulatlons in- lattlce parameter. The perlod of modulatlon appearsf_

iln the dlffractlon pattern as 51de-bands (21 22) whose spac1ng 1s 1nversely ’

’proportlonal to lp, Examples are shown in Fig. 21.
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‘For cubic crystals, the periodic waveiength is given by:

gn . tend (35)

A ==
P (h+k+2,_)-

-

where uvw is the direction of fluctuation (001 for Fig. él)land AeAthe

' angular separation between a main spot and 1ts 51deband spot. In the

dlffractlon pattern, the correspondlng 51deband spac1ng is Ap Since’G :

“is small, for (h00) reflections, we obtain (22):

- 1. | " ha | gy v ; R o o -
et (=) e

where g/Ap 1s obtalned dlrectly from the pattern.'Examlnatlon Of (36)

.shows that Ap is 1ndependent of g D 1 e. the order of reflectlons. ‘The :“

values are also 1ndependent of mlcroscope magnlflcatlon. '

For accurate measurements,‘choose orientations such that the dlffrac- _

tion. pattern contains the dlrectlon(s) of modulatlon, otherw1se Ap is

projected.~‘
The dlrectlon of Ap is parallel to the dlrectlon of the modulatlon

{generally <001> in cubic systems} whereas Ag, the dlfference in lattlce

.parameter between the two phases is parallel to g. Thus, the spac1ng f'

s of the doubllng of spots due to the two dlfferent lattlce spaclngs 1ncreases

o w1th 1ncrea51ng g for all spots, radlally outwards from the orlgln._.AsA»ﬁ-v'A

. s‘.

shown in Flg. 15, thlS effect produces M01re frlnges of smaller spaclng

as Ag 1ncreases W1th g. Cousequently, 1t 1s easy to dlstlngulsh 51debands

e .
(due to perlodlc fluctuatlons in comp051tlon) from doubllng of reflectlons'

(due to dlfferences in lattice parameter) Just by observatlon of the '

dlffractlon pattern out to several orders.

e .



: An example of sidebands from a modulated ordered alloy of Cu2 5MnO 5Al
is shown in Fig. Ql(d).vlThey are well'resolved_indthe central superlattice

spots. The nodulations are shown in the images of Fig. 21(a—c)? and faint -

" antiphase domain boundaries are also visible. {Chapter 2, Sec 8(a)}.

. ‘Miked Patterns - Identification of Phases .

If n orlentatlons or phases in a specrmen contrlbute to a dlffractlon

: pattern, n spot patterns w1ll appear and each pattern can be 1nd1v1dually
"'indexed.’ Although in certaln cases of matching such as tw1nn1ng, super—
’ position'of patterns can occur._'Dark‘field imaging will generally allow

" this’ to be recognized.

' Supp051ng a f01l contalns a second phase whlch is large enough to ‘

produce an’ 1dent1f1ab1e pattern. The second phase can be 1dent1f1ed by

calibratlon of the pattern u51ng the matrlx spots. To avoid difficulties

-~

from rel-rod prOJectlons and to obtaan-the most accurate measurements,

-the foil should betoriented to give a symmetrical'diffraction pattern. _

{Fig. 14(0)}. '

¥

As an 1llustratlon, consider Flg° 22, whlch is a pattern from a

quenched and tempered Fe-Ni-C alloy, conualnlng ‘carbide partlcles in

'addltlon to the BCC a matrix.. The matrlx spots are 1ndexed as shown.

-p'They are in [lOl] orlentatlon. From the measured r values on the patternv ,

and taklng a0 for Bcc Fe as 2. 861A an average value of the camera’

. . 1
'iconstant AL 23 em is obtalned by plottlng r versus {h24+ k2 +.2.2}22

3551nce~the slope of this plot is AL/a,- N B R R :f:'}_;;i:

~ - . . - L e . . .- L

. . .
et e
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The spots of lower intensity correspond to carbide reflections.

Their d-spacings are AL/rc where r, are distances.of carbide spots from

the\origin. The d—values so obtalned are llsted in Table 5. s' By
Mfcomparlson of these d values wlth tnose llsted in the ASTM card index
flle it cen be seen that the carblde is cementlte, which is orthorhomblc._
:These spots may now be 1ndexed as shown in Flg. 22. The cementlte
lspots glve a 31ngle crystal pattern in [100] It can be seen that the
.cementlte pattern is crystallographlcally orlented with respect to the

L a-BCC patte:n. It follows that the orlentatlon relatlonshlns are:’

-;ti01]a]|[1qo]c, [121]a||[001] ) [111]a]|[01o]

TABLE 5 '-e'"-h’” o o )
' Some d-spac1ngs from Flg. 22 as . | ‘."' S .s—sf',‘~
) measured on the orlglnal.negatlve’ | B .
Distance o? ?pots ' o N o Reflection (Compared fﬁ
- from Origin , da = AL/r . to ASTM Card #6-0688 .
r (cm) S T for FeC Reflections
0.59 S 3.39 ;’jjlf 002 TR
S .
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g . Ring_Patterne
For a randomly oriented set of crystalline grains, diffraction
produces a series of cones, each cone of angle L8 where e-ie the_Bravg

,angle for the partlcular reflectlon. These cones intersect the reflect—

. ing sphere on a c1rcle, and as in a spot pattern, the radlus ‘of the c1rcle
vr 'is given by XL/d. This is true for all crystals. The'breadth and-
'aﬁspottiness,of the ring pattern depends on the size and number of crystals
.icohtricuting_to the pattern. as shown in Fig;.23. Tﬁe finerfthevgrain
.éigé; the broader.is the éattern; and‘thereiis a lower limit beyond ﬁhich ﬂ

the physical definition of "erystalline” grainsfbeches difficult. Thus. -
in some cases, very diffﬁse broad ring patterns.may'be referred to‘as"
-orlglnatlng from amorphous soiids whereas in fact the material nay

-

‘be crystalline, but only a few unit cells 1n graln 51ze. Thus great

care must be exercised in drawing conclu31ons about the nature of the

'materialymerely fro@;the breadth of the pattern, even if dark field

" images are also obtained of the individuai erystals (Fig. 23).~'In such

““casesy 1att1ce 1mag1ng technlques should be utlllzed as dlscussed in

[LIRNP.

a later chapter by Dr. Howie. -These consideratlons‘are partlcularly

1mportant in thin fllms e. g. in appllcatlons of the so called "amorphous™
‘SOlldS which have useful propertles as semlconductors and. superconductors. :

Rlng tatterns can be useful for qualltatlve 1dent1f1catlon of mater— i"v
: 1als thelr analys1s is 51mllar to that for X-ray powder patterns. The |
imaln dlfference 1s that in electron dlffractlon we are in the reglon

§1n26 = 20. If the camera constant AL is known, then d—values can be

calculated from the relation AL = rd. One way of flx;ng lL,ls to evaporate

& known material such as gold, onto part.of the specimen being investigated.
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This pattern can be'superimposed on the unknown by doubly exposing the

' plate or filmr Then_)L can be evaluated from the gold pattern e.g. by

plottinglthe ring radii which will appear in the sequence {lll},,{200},
{220}, {311} etc. (Table 3) against \Jh2+k2+22 and finding the slope.

 Since a. for gold is known AL is found. The unkncwn d values are then

0
found by dividing AL by the measured radll from rings of the unknown

substance ,-and u51ng the ASTM card 1ndex flle..
L Cons1derable care must be exerc1sed in such work. For example,vif -

the graln structure is not perfectly random, not all reflectlons w1ll

' appear.' Suppose, for example, a fee polycrystal had a [OOl] preferred »

flbre orlentatlon. Then reflectlons for whlch [OOl] [hkz] # 0 would

not appear."Hence 111, 311 rlngs would be absent. Also the structure of

thin fllms may not necessarlly be the same as that of the bulk expec1ally
{ .
if produced under non—equlllbrlum condltlons (such as very fast rates

of evaporatlon or splat" coollng). For:example, the tin patterns of

.‘Flg. 23 do not conform to the normal tetragonal sequence of reflectlons.

Double dlffractlon may also cause the appearance “of "forbldden reflectlons.
8. KIKUCHI PATTERNS | | |

As the thlckness of a speclmen is rncreasedthlkuchl llne patterns-
are observed 1n addltlon to spots with further 1ncrease in thlckness,

only Kikuchl patterns wlll be observed untll eventually no coherent dlf- ‘

"fractlon Wlll occur because of complete absorptlon 1s very thlck speclmens.

Klkuchl patterns are produced only 1n relatlvely thlck and perfect ‘

: crystals.‘ They are formed -as a result of Bragg scatterlng of the 1nelast1c

- electrons and appear as palrs of parallel llnes in the dlffractlon 1mage

(Flg. gh) They lie normal to the partlcular g, and are related to the -

T S
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ispot pattern as shown in Fig 1k. :The-pairs of Kihuchi-lines always subtend
‘an angle of exactly 2¢, irrespectlve of the foil.position; and their
separatlon 1s thus always an- exact but magnlfled measure of g;t Since
- ‘more electrons are scattered in the forward dlrectlon, then on a p051t1ve
h prlnt a brlght line w1ll be present near a reclprocal lattlce p01nt and &
';correspondlng dark llne near the. orlgln (OOO) For‘the symmetrlcal
orlentatlon the two lines have about equal. 1nten31ty.
for electron mlcroscopy, there.are two 1mportant orlentatlons of the.
specimen: l) systematlc Bragg reflectlon, and 2) symmetrlcal orlentatlon.
The former is a prerequlslte for contrast work and the latter for orlenta-
"‘tion determinations. Both are. eas:.ly achleved 1f a gonlometrlc tllt | |

specimen holder is used As can be seen from Fig. lh these two p051t10ns

are related s1mply by a tllt of e° 1f in a) themflrst order Bragg reflec-
tion is excited. The p051t10n of the Klkuchl line, with respect to the
) spot pattern, determines the exact relatlonshlp between the dlffractlng
planes in the crystal and the dlrectlon of the 1nc1dent beam Thus,
1t is p0331ble to obtain the orientation of a f01l to better than 0 l°
whlch'ls more accurate than by the x—ray Laue method. Also the posrtlon
l of the Klkuchl pattern relative to the spot pattern determlnes the 51gn
o “and magnltude of s and glves the dlrectlon and tllt of the speclmen w1th -
respect to the-heam. The tllt angles can thus bebcallbrated.by measurements”';c{
of K1kuch1 llne shlfts._ For an electron mlcroscope w1th AL QX cm .a tllt c
of I° of the f01l corresponds to a shlft of Klkuchl llnes of’about l cm g{
‘on the pla.te. S e o
The Klkuchl llnes can be ea31ly 1ndexed from the symmetry of the o

patterns or from measurements of thelr w1dths since the latter are related '

¢ i 1 g s iamz i b v s e
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o the d-spacings thrqﬁgh'the caméra constant equation,

IERETRI RIS

-k %2
Py 4y

' where pl, etc., is the w1dth of a parallel hkz Klkuchl palr correspondlng'
to & spac1ng a (hkl). Therefbre the ratios of the spaclngs enable the a
lines.to be indexedrjust as for a spot pattern.<‘For_cub1c crystals, -

Table 3 can be used

R . LT -

L As cen be seen from Flg..zh the center of the Klkuchl pair is the

trace of the reflectlng plane in the dlffractlon “pattern and these must-'r

make the prec1se angles to each other as requlred by the’ crystallograph\c

,relatlons_for thempart;cular crystal. The 1ndex1ng is thus easlly checked '

2

by measurlng these angles._ f S - ':i‘hf' _”-7

':_L" Index1ng and orlentatlon analy51s is greatly fac1lltated by the use:
of Klkuchl .maps as described 1n great detall elsewhere (see Ref. 22 for
rev1ew) - An example for hcp crystals vhich is indexed in the Mlller- |

- Bravaisunotation,fon directions so as to apply to all_hcp systems is‘given

- 4n Fig. 25.1 Orientations are identified by comparing the unknown patternv

_-to the relevant map,

Because orlentatlons can he determlned very accurately, one 01 theﬁ“ |
i most‘dbv1ous advantages of u51ng Kikuchi patterns is 1n determlnlng

or1entatlon relatlonshlps mlsorlenuatlons due to sub—boundarles, and




‘other detailed‘crystallographic information. (12,13,23,24).
The following summarizes some of‘the applications_of Kikuchi patterns:
i), Precise determination of foil orientatrons, and orientation |
.relationships; | |
2) Calibrationvof rotation with magnification change,
3) Calibration of tlltlng stages. |
L) Callbratlon of wavelength (and voltage)
5) Measurement of lattlce spac1ngs.
6) Identlflcatlon of phase changes.
T;T) 'Facllltates contrast analyses - selectron of approprlate

dlffractlon condltlons (See Chapter-Q)

8) 'Measuring internal strains in crysta%s. - T
'“ff“—“;;‘These'have beenfdiscussea*and reviewed-in some:detail,”and theureaaer;_——f;-m
is referred to references 12, 23, ol for this informatiOn.‘. ‘: 'p‘lm . o
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CHAPTER 1 FIGURE CAPTIONS

| Fig. 1. Schene show1ng the functions of transm1531on electron mlcroscopy
(ref. 23, Courtesy N. Holland Publlshers)
Fig. 2(a). Phase contrast 1mag1ng from a perlodlc obJect The dlffraction
pattern is formed in the back focal plane. The perlod d is 1maged
- as magnlfled frlnges 1f the dlffracted and transmltted beanms recombine 7
i'at the Image plane (When 26 < a) (see b). Notlce the inversion bee
tween dlffractlon pattern and image relatlve to the object. (v) {lll}
’lattlce fringes obtained by tllted 1llum1nat10n showing mlcrotwlns -
A, B C'D.in silicon. ‘Notice twin‘C contains'a stacking.fault. (c)
K Selected area dlffractlon pattern 011 (matrlx) of area in (b) show1ng
p031t10n of 30u aperture which 1ncludes matrix. and tw1n reflectlons.

Notlce streaks in [lll] due to microtwins. (b ¢ courtesy V. A. Phllllps, N

Acta, Met 20 1143 (1972)

Fig. 3.v_Amp11tude contrast imaging: ‘the phases of the transmitted andﬂb
i;diffracted beams'do not recombine. ObJectlve apertures are used to
stop off the diffracted beams to form a brlght field image (a)
Dark fleld 1mages are obtalned by gun tlltlng or beam deflectlon (b)
‘or with an off-axis aperture (e).
Fig. h.z Examples of brlght and dark fleld 1mages from faults 1n fcc |
| cdbalt. Notlce the poor resolutlon in the off—ax1s aperture dark “i
fleld image (c), compare to Flg. 3 (ref. 2h Courtesy AIME) | |
vtFig. 5 Propertles of electrons as a functlon of voltage,-relatlve to.;p'
. those at 100 kV (after Fisher ref. 6)

.

Flg. 65” Experlmental data on penetratlon 1n 5111con and stalnless steel

A

(Lacaze and Thomas, J. Mic. in press 1973)



" Fig. 7. Bragg's Law and the reflecting sphere for fast electrons.

Fig. 8. -Standard cublc Too1] stereographlc progectlon show1ng great

' circles for poles 90° from 111 and 013 respectlvely.. The dotted

circle contains poles which will twin by reflection to'the basiec .

OOl'circlenfor (lll)’twinning.

Fig. 9. The reciprocal lattlce for cubic crystals a=> ? ¢ and the

Flg. ll.' ‘The interference function alonng;"direction showing the Kine-

- of a column of unit cells in a parallelplped crystal for calculatlng‘

correspondlng rec1procal lattlce p01nts for dlffractlon for fcc

' and bcc crystals are shown.

. Flg. lO(a) Show1ng relatlon between the rec1procal lattlce and reflect-

ing sphere when Bragg s Law is not exactly satlsfled.. (b) Sketch

the 1nterference functlon."

matical intensity distribution for this foils.

Flg. 12._ Interference functions . for crystals of small sizes show1ng the

| Flg. 13(a) Dark fleld 1mage of needles 1n <OOlz 1n an aged Al-Mg281

.

effect of the shape factor on the dlffractlon pattern.~ (1) thin
plates normal ‘to the beam (11) parallei to the beam (111) needlesl
parallel to the (1v) 1nc11ned to the beam. Notlce curved streaks

in. (1v) (compare to Flg. 13)

alloy (b) blnterference functlon for the three (OOl) needles -fi%”

(c) 011 dlffractlon pattern show1ng curved streaks for needles 1t:

a.long [001] and [01o] at h5° to beam (cf. Fig. 12(1v) (d) [011]

e dlffractlon pattern for Al—Cu contalnlng thln plates (of G P. zones)

~won <OOl> 3 notlce stralght streaks 1n [lOO] from (lOO) plates )

(cf Flg. 12(11)
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1h} vDiffractiou geometry for thin foils (a) oriented for 2 beam
excitation (b) symmetricvorientatiou. For thick foils; Kikuchi
lines will.also appear as shown. (c,d) are spot patterns from
silicon correspondiug to a,bi notice'the appearance of the for-

bidden 200 spots in.the 011 pattern in (4) due to double'diffrac—

tion (absent in c). (a b ref. 13 courtesy Phys.,Stat Sol. )

15;' Parallel moire patterns in aged Cu-Mn-Al alloy. Notlce how the

'T]?spaclng varies 1nversely as Ag for the lll 222 and 333 reflectlons.,

» :(courtesy M. Bouchard).

 Fig.

A'faults or hep precipitates-(with‘ideal.c/a ratio) on (111). Twin

16(a). Caleulated [lOl] pattern for a fec crystal containing thin f,

:'spots'are also shown. (b)'AS"(a)-but for a [112] foil coutaining' : —

Eig.

faults- or prec1p1tates on all four {111} show1ng the effect of rel- o e
rods on the diffraction pattern. S . ‘v -

iT; Stacklng faults in 5111con (a) brlght fleld image,. foil near

[101] (v) dlffractlon pattern from region A {compare to 16(a)}

(c) dlffractlon pattern (after tlltlng) correspondlng to reglon of

1nc11ned faults B {compare to 16(b)} (Rer. 13 courtesy Phys. Stat

Fig.

-

’ g'Flg.

Sol. )

18. ‘Twins in ~copper as & result of exp1051ve deformatlon (a) brlghtjf

'vfleld 1mage (b) dlffractlon pattern 1ndexed (c a) dark fleld Images
u31ng the dlfferent tw1n spots from T s 2 show1ng contrast reversal

of twins. {Courtesy Acta Met., 12 1153 (196&)}

19 Stereographlc progectlon correspondlng to Flg. 18 Show1ng the :
tw1n planes must be (lll) and (lll) {Courtesy Acta Met., 12 1153

(196h)}



Fig. 20(a). Bright field image (b) Diffraction pattern showingr{llQ}

transformation twinning in Fe-32% Ni martensite. The 113 primary'

twin spot pattern superposes on [113] matrix; double diffraction

spots are arrowed Prlmary twin plane is (Ell)a (c,d) are dark

field 1mages of (llO) and (llO) matrlx respectlvely.v (Ref. 20

v

courtesy J. Iron and Steel Inst.).

>21(a b,c) Brlght fleld xmages of splnodal mlcrostructure of Cu, é

Mno 8Al show1ng coarsening of the wayelength w1th aglng at 350°C fbr “

“(a) 30 sec. (b) 1 min. (c) 2 min. 220 fundamental reflectlon..

Fig.

Fig.

(Coﬁrtesy M. Bouchard) (d) Diffraction patterns of 200 superlattlce -

and hOO fundamental spots show1ng sidebands in <lOO> correspondlng
to‘modulatlons shown in a,b,c.afterpag;ng at 200°C'forvt1mes-shown

in minutes. Structure-corresponds to L2l supertattice. (Courtesy |

‘M. Bouchard).>

22.‘ Diffraction pattern of a tempered 0.3% carbon steel showing'

the [100] orthorhomblc (Fe c) pattern superposed on the [lOl] bee

pattern. (Courtesy 0. Johari).

23;' Dark field-imeges and ring patterns from vacuum evaporated

b'tin showing chenge in grain. size. Arcing of rlngs indicates preferred

. orientation. (Courtesy W. L. Bell)

Eigv, :

2k, Sketches show1ng orlgln of Klkuchl 11nes (a) symmetrlcal case

' (b) exact Bragg case {compare to Fig. lh(a b)} (Ref. 23 courtesy

':.F.ig‘ A

"N. Bolland Publlshers). _ ‘: S o _“5

25.. Kikuchi map for hecp crystals. The map is indexed in the Miller.
Bravais notation for directions and can be used to index any
hep crystal. This map exactly matches Ti.end Ag,Al. (Ref. 12

courtesy Phys. Stat'.', Sol.).
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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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