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ABSTRACT

The crystallography of hexagonal close packed metals is discussed briefly in terms
of the four-axis hexagonal reference basis and the Miller-Bravais notation which are used
throughout the report. Electron diffraction problems are treated with reference to the four-
axis hexagonal reciprocal lattice rather than the more usunal three-axis hexagonal system.
Using these concepts, analysis of electron diffraction spot andKikuchi patterns is illustrated
and applied to orientation and dislocation Burgers vector determinations. - Computed values of

interplanar spacings, interplanar angles, angles between directions, -and extinction distances
for zirconium are listed.
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1. INTRODUCTION

Zirconium and most of its alloys of interest in nuclear power technology have hexagonal
close-packed (h.c.p.) structure. Many aspects of physical metallurgical studies of these alloys
require a knowledge of their crystallography which, in contrast to that of cubic metals, is not
considered in any detail in the many available texts on physical metallurgy. - Most of the scattered
information is in original papers in the literature and unfortunately some of them contain errors
pecause of confusion over different cry stallographic systems and notation used to describe h.c.p.
structures. An exception is the review prepared by Partridge (1967) but he does not list specific
crystallographic information such as values of interplanar angles and angles between directions for
zirconium.

The aim of this report is to describe briefly the fundamentals of crystallography of h.c.p.
metals and their application to problems in transmission electron microscopy of zirconium. The
specific crystallographic formulae and data for zirconium required for quantitative electron microscopy
have been calculated and are tabulated in the Appendices. Some of these data have more -general
application in X-ray diffraction studies and analyses of twinning and deformation modes in bulk mat-
erials. -

2. CRYSTALLOGRAPHY OF h.c.p. METALS

2.1 Crystal Structure

The arrangement of atoms in a h.c.p. metal can be shown in terms of a hexagonal prism, -
Figure 1, where the filled circles represent atom centres. The primitive unit cell, (heavy lines)
which does not immediately reveal the hexagonal
symmetty, has axes a. = a: # ¢ with the angle
between a, and a. equal to 120° and ¢ perpendic-
ular to both a; and a, . The unit cell contains two
atoms with positions given by the coordinates 000
and .g_ :,1);. _%. -Sirice the surroundings of the interior .

atom differ from those at the cell corners the atom
positions in the h.c.p. structure do not constitute a
space lattice. - The actual space lattice remains prim-
itive with poirits at cell corners only if two atoms are
considered to be associated with each lattice point. -

)

If the atoms are considered as hard spheres,
the plane containing both a. and a» is a close-packed
plane. - The hexagonal close-packed structure is char-
acterised by an ABABABA. . . . stacking sequence of
close-packed planes. In an ideal close-packed struc-
ture the axial ratio ¢/a is equal to

Figure 1. Model of hexagonal close-packed structure with
unit cell shown in heavy outline. (§_) = 1.633 .

3

Zirconium and its alloys have a strong affinity for hydrogen, oxygen, nitrogen and carbon’ which
in solid solution occupy the interstitial holes. The locations of the octahedral and tetrahedral inter-
stices in a h.c.p. structure are shown in Figure 2. ‘There are 2 octahedral and 4 tetrahedral interstices

it cell centred d"tlz._l_‘.l_.z.?’_and.@.l‘]_-.gll 003 , 0032
per unit cell centred on coordinates 35 3°333%3 3% 5 TR 08 , 08_
respectively. - In an ideal h.c.p. structure of rigid spheres of radius r, the magimum radius of a sphere
that can be accommodated in-an-octahedral or tetrahedral interstice is 0.41 ¢ and 0.22 ¢ respectively. -
The geometry of interstitial sites in a h.c.p. structure is revealed more clearly by the model shown in
Figure 3.

G
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Figure 3. Model of hexagonal close-packing of spheres with octahedral
and tetrahedral interstitiai sites, looking along the c-axis.

(Gehman 1960)
2.2 Crystallographic Indices

Crystallographic indices constitute a convenient system of notation of ctystal planes and
directions. The different axial systems commonly used to define the indices of directions and
planes in hexagonal crystals are three-axis hexagonal (Miller indices), four-axis hexagonal (Miller-
Bravais indices) and orthohexagonal. Only the four-axis hexagonal system gives rise to similar
indices for crystallographically equivalent directions and planes. This feature of the Miller-Bravais
system is an asset when dealing with typical problems in physical metallurgy, for example, descrip-
tion of slip modes and Burgers vectors of dislocations, and accounts for its general acceptance. The
main arguments against universal use of the Miller-Bravais notation are the alleged greater complexity
of crystallographic formulae and claims that the four-axis hexagonal reciprocal lattice is physically
meaningless (Partridge and Gardiner 1967 a). The simplifications introduced by Nicholas (1966)
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into Miller-Bravais formulae, however, lead to expressions of equal simplicity to those based on the
alternative systems while still retaining the virtue of symmetry. Frank (1965), and more recently,
Okamoto and Thomas (1967, 1968) have demonstrated that the four-axis hexagonal reciprocal lattice, -
though not strictly a reciprocal lattice according to the usual mathematical definitions, permits the
analysis of the necessary crystallographic relationships directly in terms of Miller-Bravais indices
using elementary vector analysis. Consequently, the four-axis hexagonal system with Miller-Bravais
indices does not introduce any additional limitations for normal electron microscopy, compared with
alternative systems of indexing, and is used throughout this report.

The nomenclature of planes in the Miller-Bravais system is shown in Figure 4 in which the
primitive hexagonal unit cell with the three axes,
ai,a,and ay at 120° to each other in the basal
plane, is shown within the hexagonal prism. Thus, -

/- oh a three dimensional crystal is represented in four

PN dimensional space. From the symmetry of the axes

2 in the basal planeit is noted that

-1 (1010) s = —(a1+ az) . 0y
Consequently, when reciprocal intercepts of a

plane on all four axes are determined and reduced to

. the smallest integers, the indices of a plane will be
57 %2 of the type (hkil), with the restriction that

s h+k+i =0, )

Figure 4. Indices of planes in hexagonal
crystals.

(Barrett and Massalski 1966)

Similarly, an arbitrary crystal vector ¢ can be
written in the form

I = ua, + va:+ tas + we , 3
with the restriction that
w+tv o+t =0. (4)

The indexing of directions in the Miller-Bravais notation is illustrated in Figure 5 where the
translations leading from the origin to several lattice points are indicated. The comparatively unusual

‘e e translations used in deriving the indices of a
\ 4 direction are necessitated by the restrictions
/\ imposed by Equation 4. The interplanar spac-
/ ings i h.c.p. metals are given by
; / -1
t0sorN./ dhici ¢ - a{% R EERIFCH RO
4~1 -
2 3 2
capm e —— Y —— ___-'-_27 VA2 N/ e +a, 9[2;;)01) where M z% (ﬁ) .
2 BN :
#A |
// N The symbol A has been retained in the crystallo-
/-1 \g \i N graphic formulae to conform with the literature
Nt \ but it is used later to denote the wavelength of
\ \ electrons also. The meaning of these symbols
od 2a, will be clear from the context.
(2110] (1010] {1120]
- [100] =[210] ={110}

Values of interplanar spacings of zircon-

. tum are tabulated in Appendix 1. -
Figure 5. Indices of directions in the hexagonal system with both :
three— and four—digit indices. The c-axis is normdl to the plane

of the drawing; a4, ap and agin h.c.p. crystals are along the

-packed f atoms. :
close-packed rows o (Bartett and Massalski 1966)
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In the h.c.p. system, in contrast fo the cubic system, a direction is not normal to a plane with
the same Miller-Bravais indices, except for directions of the form < 000> and < hki0 > . The indices
of the normal to a plane (hki?) are [ hki (X €)] .- . :

Interplanar angles and angles between directions in h.c.p. metals depend on the €/a ratio and
are tabulated for zirconium in Appendices 2 and 3 respectively. :

2.3 Stereographic Projections

Although electron mictographs can be readily intetpreted analytically, it is often more convenient
to use stereographic methods. - Since directions in h.c.p. metals are not necessarily normal to planes of
the same indices, two stereographic projections are required; one for plane normals (poles) and one for
crystal directions. - Packer and Miller (1967) have demonstrated the application of two standard projec-
tions printed on transparent film; one for poles and the other for directions; which when superimposed
correctly permit the necessary operations. However Rarey et al. (1966) advocate the use of a ‘double
stereogram’ on which are plotted both the poles and directions with rational indices.

A stereogram in the standard (0001) projection is shown in Appendix 4.

2.4 Dislocations in h,c.p. Metals

Since much of transmission electron microscopy is concemed with the study of disiocations,
their geometiy in h.c.p. metals will be considered. A notation based onthe bipytamid shown in Figure 6,
devised by Berghezan et al. (1961), is often used to describe dislocations in h.c.p. metals.  Because
the h.c.p. structure is a double lattice structure, not all nearest neighbour atomic translations are poss-
ible Burgers vectors of perfect dislocations. The
types of dislocations which are likely to be stable
have been discussed by Frank and Nicholas (1953)
and Berghezan et al. (1961) and are summarised in
Table 1.

A comprehensive review of deformation
modes in h.c.p. metals has been made by Dotn
and Mitchell (1965). In_zirconium the primary
slip mode is {1010} <1210 . There is very
little unambiguous evidence for other slip systems
in zifconium, although basal plane slip of distoca-
tions with -%n <1120>> Burgers vectors has been

proposed to explain the formation of kink bands in
zifconium deformed above 500°C (Reed-Hill 1964).
Martin and Reed-Hill (1964) have reported slip
matkings which could not be explained in terms of
the above slip systems in graiis of deformed poly-
crystalline zirconium. Howe et al. (1962) suggest
the operation of slip on {1013} and {1121} planes
from observation of slip traces in thin foils but the
Figure 6. Blurge_rsavlt:cfiolr: in the hexagonal Burgers vectors of these dislocations were not
claserpacked lactice. identified. There is no unambiguously proven case
(Betghezan, Fourdeux and Amelinckx, 1961) in zirconium of slip systems that will produce strain-
in a direction not contairied in the basal plane, that
is, dislocations with a Burgers vector with a non-
zero fourth index. - However dislocations with a Burgers vector %- <1123>> have been proposed by Rosen-

baum (1964) to explain atom movements associated with {1172} deformation twinning. - The possibility of
slip in {1123 > directions is also suggested by analyses of deformation systems required to produce the
observed rolling textures in zirconium (Picklesimer 1966).
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TABLE 1

BURGERS VECTORS OF DISLOCATIONS IN h.c.p. METALS

Magnitude |[Relative

Type of Dislocations Total No. of Vector Difection | of Vector |Energies of
. Dislocati Indices of |in Terms of[Dislocations
(Figure 6) islocations Vector Lattice for C/a =

Parameters 1.633

Perfect dislocations:

(1) AB, BC, CA, BA, CB, AC 6 rg |3 0> \al a?
(2) ST, TS 2 e <0001 > el |e-d @
(3) ST tAB, ST +BC, #ST £CA 12 e ra |3 <um> @t 15 e

Partial dislocations

1y 1 - a 1 .,
(49) tAc, £Bo, tCo 6 i(%ﬁi +'§?.j) 3 <1010> _Iﬁ__‘_ 3 a
5) +oS, toT 4 ile | dcono>| ko1 4e
1
- 2 z2\72
(6) *AS, +BS, +CS, £AT, +BT, +CT| 12 ) + (5) %<202.3> (_g. +3_) a?
ahove

Generally, the stability of various dislocations varies as the squate of the Burgers vector as has
been assumed ir values given in Table 1. This, however, is only approximately true in an isotropic med-
ium. Theoretical analyses of dislocation stability after including effects of elastic anisotropy in zircon-
jum have been made by Roy (1967),Fisher and Alfred (1968) and Yoo (1968). Apparently, basal and pris-
matic slip of %—- <1120> dislocations is energetically equally probable and Roy (1967) suggests that the

predominant prismatic slip in zirconium may be due to the presence of interstitial impurifies. Fisher and
Alfred’s calculations suggest that with increasing temperature, effects of elastic anisotropy render edge
dislocations with b = %- <1120> energetically unstable in the basal plane.

The stacking fault energy of zirconium is high and it is expected that partial dislocations would
not be resolvable in the electron microscope.

3. ELECTRON MICROSCOPY OF h.c.p. METALS

3.1 The Reciprocal Lattice

For the interpretaﬁon of electron diffraction patterns the reciprocal lattice concept is the most
convenient but some confusion in the literature is due to there being two. dlternative. ways of defining the
reciprocal lattice and the four index labelling of points (Frank 1965). -

Mathematically the reciprocal lattice is defined by the following relationship between the recip-
rocal lattice axes a¥, a¥, .a% and the direct lattice axes a1, 82, 8s°



al % (8= x 33)
2: = % (29 Xgl) -4 ] (6)
.§§ = ‘\17 (a1 x a.) J

where V is the volume of the unit ceil in the direct lattice, that is, a, . a, x a,. This leads to the
'R £ . . a T e —

general relation a;. a; = 8ij- with &; = 1 when i = j and otherwise zero. ‘ (7)

The reciprocal lattice is built up by repeated translations of the unit cell by the vectors 3*1,.3 2 and _afa .

Frank (1965), Otte and Crocker (1965), Partridge and Gardiner (1967) and Okamoto and Thomas
(1967, 1968) have shown that the reciprocal lattice defiried by Equation 6 leads to difficulties in the
four-axis hexagonal system using Miller-Bravais indices. The normal reciprocal lattice in hexagonal
crystals has axes a%, a%, and c* which are related by Equations 6 and 7 to the axes a;, a, and ¢
in the three-axis hexagonal system with Miller indices. The angle between a% and a% in this recip-
rocal lattice is 60 ° and thus, becanse they.do not define a conventional hexagonal unit cell, the
introduction of a fourth axis a% = —(a% + a%) will not have the same geometrical significance as its
analogue in the direct lattice. It is for this reason that the use of the three-axis hexagonal system
with the Miller notation has been advocated for diffraction studies of hexagonal metals (Partridge
and Gardiner 1967). Thisprocedure is unattractive because the symmetry of the hexagonal system
is not fully indicated and frequent transformation of indices is required if the end product of the cal-
culation is to be Miller-Bravais indices.

The alternative approach, suggested by Frank (1965), Otte and Crocker (1965) and developed
in greater detail by Okamoto and Thomas (1967,1968) is to use a four-axis reciprocal lattice in which
the introduction of the fourth axis has the same significance as in the direct lattice. ~The four-axis
hexagonal reciprocal lattice is constructed. according to the alternative definition of a reciprocal
lattice, that is, a reciprocal lattice point hkif lies at a distance from the origin which is the iriverse
of the spacirig between (hkif) planes in the direct lattice, in a direction notmal to these planes. This
definition of the reciprocal lattice is a corollary of the usual mathematical definition of a reciprocal
lattice. - The reciprocal axes a¥, a%, a¥, c* are not related to the direct lattice axes in the customary
way as defined by Equation 6 and do not sati sfy theusual conditionsof Equation 7. The reciprocal
lattice axes are parallel to the respective axes in the direct lattice. The mathematical relationships
between the basis vectors in the four-axis hexagonal reciprocal lattice and the axes in the direct
lattice are given by: :

éﬁ':‘(%ag)gz
2 :r(%az)ga f . (8)

Te)
¢
1
s
0 Ir—l
N
S
|
LN

It is obvious, that i the four-axis hexagonal reciprocal lattice the followin g restrictions apply:

% &
as = —(a? + a5)

and : &)
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Okamoto and Thomas (1967, 1968) have shown that only one out of every three reciprocal lattice
points in the four-axis reciprocal lattice coincides with a conventional (three-axis hexagonal) recip-
rocal lattice point. - However the additional points in the four-axis hexagonal reciprocal lattice have
non-integral indices and cannot represent real crystal planes. They can be considered to represent
reciprocal lattice points for which the structure factor is zero and hence will not be present in actual
diffraction patterns.

~ Although the four-axis hexagonal reciprocal lattice is not a true reciprocal lattice in the usual
mathematical sense, the concept is most useful because it permits the calculation of necessary crystal-
lographic relationships directly in terms of Miller-Bravais indices using elementary vector analysis. For
example, the scalar product of a reciprocal lattice vector gy ; ¢ and a direct lattice vector Iyyew 1S given
by

g . r-hu s ke +it v 0w (10)

The direct lattice vector 1 is normal to the reciprocal lattice vector when g.r = 0. This permits
the determination of zonal relationships and invisibility criteria for dislocations directly in the Miller-
Bravais notation.

Crystallographic relationships between crystal vectors and reciprocal lattice vectors in the
Miller-Bravais notation have been derived by Otte and Crocker (1965, 1966), Nicholas (1966), Okamoto
and Thomas (1968), Neumann (1966) and Schwartzkopff (1968). A summary of relationships useful in
transmission electron microscopy is given in Appendix 5.

3.2 Electron Diffraction Patterns

Electron diffraction is interpreted most readily in terms of the reciprocal lattice and the Ewald
sphere construction (Hirsch et al. 1965). In Figure 7, consider the sphere of radius 1/ (the reciprocal
of the electron wavelength) that intersects the
origin of the reciprocal lattice at 0, where
crystal planes spaced dp;¢ are inclined at
an angle 0 to theincident electron beam along

—incident electron

! bram EQ. - The reciprocal lattice vector ghije equal
£ to OP will be on the sphere if
: . _ 0P 1/dhk12 A
M ’ SRETO0ET To/n 2dpkie (1)
e o J_ This relation is equivalent to Bragg's
F

law. Thus, depending on the structure factor, -
a diffracted heam FP will arise whenever the
reflecting sphere intersects a reciprocal lattice

point.
g,
e For electrons accelerated by 100 kV
o in the electron microscope, A~ 0.037 A, the
radius of the reflecting sphere is ~ 27 .
reflected which is large compared with the lattice spac-
kil ing of metals. - The Bragg angles are also very

small (about 1°) and thus the reflecting sphere
can be approximated to a plane over the visible
area of the diffraction pattern. Consequently,
if a plane in the reciprocal lattice is tangential
to the reflecting sphete, a simple cross-grating
- spot pattern will be formed. The normal to the
reciprocal lattice plane is a direct lattice vector ¥ = {uvtw], the crystal zone axis, which is parallel to
the direction of the incident electron beam. - The indices of r can be determined from any two non-

Figure 7. Ewald sphere construction in reciprocal lattice

collinear spots g1 = [hik,isl,] and go = [h Jkoioflo) on the diffraction pattern since g:.f =g2.r = 0
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Okamoto and Thomas (1968) have shown that in the four-

axis hexagonal notation this leads to three
simultaneous equations:

g1.£:h1-ﬂ+k1V+i1t+21{W =0
Bz = hou+kov + ingt + fow = 0 ; (12)
u+ v o+ t =0
which can be tearranged to give:
hi%"' kl‘%"' ii%:= -t
ho o+ koL 4 12% - = ) ) ' (13)
u v 1
wtw ot w 0
and using Cramer’s rule the ratio u:v:t:w: can be solvedto give:
Cokaig] |hy B2 iy |hs ke T fhy ke s
1 = [uvtw] - Tokods| |ho B i |hy ko Za| [hy ko ig |. (14)

0 11,41 0 1|,[1 10],]1 1 1

- Equation 14 contains a built-in symmetry check since the sum of the first three determinants must vanish.
The indices of  represent the upward drawn nommal to the diffraction pattern if g, and g, are chosen so

that an anticlockwise rotation of g through an angle less than 180 ° would bring the direction of g: info
the direction of g, ..

Consider the steps in indexirg the electron diffraction pattern shown in Figure 8.

(i) Determine the interplanar spacings (d) of planes
giving rise to the spots Py, P, P; on the diffraction
pattern using the relationship

AL
dheie = R o (15)

where R is the distance of the spots from the origin
and AL is the camera constant obtained by calibra-
tion of the electron microscope with a material of

* known lattice spacing,

(it) Usually a set of indices h, ks f, giving the

. correct value of d, can be assigned to g. provided
that not more than one crystallographically distinct
set of such indices exists. :

(iif) After assigning a specific set of indices to g1
there will still be many equivalent ways of indexing

g, corresponding to the multiplicity factor for the
Figure 8. Indexing an unknown diffraction pattern -set of planes hoksiglsa: The mulfiplicity factors

for planes in the h.c.p. system are listed below:
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i
f

{hkif}
{hhio}

24, thhit} = 12,  {okil}
6, tokio} = 6, {ooof}

12, {hkio} = 12,
2.

il
i

Many of the permutations of indices of hzksisfs may lead to results which are not distinguishable
crystallographically and a correct set can be chosen by measuring the angle between g, and g and
comparing the results with tables of interplanar angles in conjunction with a standard projection of
plane normals.

(iv) Once two points on the diffraction pattern have been indexed consistently, all other points
can be indexed by simple vector addition, for example,

[hg kgigﬂz] = [h1k1i1ﬁ1] + [hakaigﬂg] .

(v) When the indices of two reciprocal lattice vectors g1 and g. are known, the normal to the
cross grating pattern, that is, the zone axis of the crystal parallel to the directions of the incident
electron beam, can be obtained using Equations 12 and 14. The sense of the direction of the normal
to the diffraction pattern in the usual right-handed system of axes can be obtained using the convention
stated previously or by inspection using a double stereogram.

(vi) It must be noted that even if the sense of the normal to the diffraction pattern is known,
there is still an ambiguity in indexing corresponding to a rotation of 180 ° about the normal to the foil.
This ambiguity arises from the arbitrary assignment of the sign of the diffraction vector g, in step (ii)
above and can lead to erroneous results in some studies.  This ambiguity can be removed by analysing
the Kikuchi pattern (to be considered in the next section) or by noting the effect of an applied tilt as
illustrated in the following example. Consider a diffraction pattern with the upward drawn normal given
by [1213]. Such a pattern can be indexed in two ways as shown in Figures 9(a) and 9(b). The cor-
responding stereographic projections of plane normals giving the crystal orientation are shown in Fig-
ures 10(a) and 10(b) respectively. The correct indexing can beobtained by distinguishing the effects
of tilting the crystal about [100] in the sense indicatedon Figures 10(a) and 10(b). - A tilt of 19°
would bring the crystal into an orientation such that spots corresponding to 0112, 1702 and 1214 would
appear on the diffraction pattern if the crystal orientation assumed in Figure 10(a) is cotrect. Other-
wise, a crystal tilt of 14° would have caused reflections 0221, 2201 and 1211 to appear as implied by
Figure 10(h) which corresponds to the indexing assumed in Figure 9(b). It is important to realise that
the alternative methods of indexing can lead to a deduction of opposite sense of inclination of planes
in the [0001] zone for example.

It is often convenient to have available examples of indexed single crystal electron diffraction
patterns to aid the identification of unknown patterns on the microscope screen by simple inspection.
A number of the most commonly occurring diffraction patterns from h.c.p. crystals, indexed systematic-
ally in terms of Miller-Bravais indices, have been published by Partridge (1967) and Partridge and
Gardirier (1967 b) and are reproduced with some variationsin Appendix 6.

In h.c.p. crystals, the structure factor becomes zero and thereis no diffracted beam when
(h + 2k) is a multiple of 3 and £ is odd, for example 1121, 3033 etc. These conditions, however, are
relaxed for electron diffraction where extra spots may arise as a result of double diffraction, for
example “forbidden’’ spots 0001 may arise from double diffraction involving reflections 1011 and
1010. Spots due to double diffraction have been differentiated from the normal spots with non-zero
structure factors in the diffraction patterns shown in Appendix 6.

3.3 Kikuchi Patterns

A most useful method of determining the crystal orientation involves the analysis of Kikuchi
patterns associated with the spots in electron diffraction pattemns. A Kikuchi pattem is formed as a
result of Bragg diffraction of electrons which have suffered inelastic collisions involving only a small
energy loss. The inelastic scattering provides the main component of the background intensity of the
diffraction pattern. The Bragg scattered inelastic electrons, which form cones with the normal to the
reflecting planes as axis, intersect the photographic plate in hyperbolae which under the geometrical
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Figure 9. Alternative ways of indexing a diffraction pattern from a thin foil
with the upward drawn normal {1273] parallel to the electron beam
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Figure 10. Stereographic projections of plane normals; (a) and (b} correspond to diffraction
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conditions in the electron microscope can be considered as nearly straight lines. Each set of planes
gives rise to two parallel lines in a direction perpendicular to the projection of g ; the line separation
R is given by -

1 R
lgpkig | = s =~ Do (16)

whete AL is the camera constant. - The angular separation of the lines is thus 20 and the lines are
situated symmetrically on either side of the trace of the reflecting plane. This property leads to an
important difference in behaviour between the Kikuchi lines and the normal spot pattern when the
specimen is tilted. The spot pattern does not move on tilting over a small angular range, but the
individual spots change in intensity; some spots disappear and others appear in different positions.
On the other hand, the Kikuchi lines move as though rigidly fixed to the crystal, so that their direc-
tion and magnitude of movement reveals the orientation change with high accuracy. The determination
of accurate orientations from Kikuchi patterns will be considered in this section.

Let us consider first, however, the limitations inherent in electron diffraction spot patterns
for accurate orientation determinations. :

(i) Because of the extension of reciprocal lattice points into relrods, reflections can
remain unchanged over a large angular range of tilt (+5°) leading to errors of at
least this order of magnitude in the determined orientations. In very thin foils,
spot patterns become complicated because second-Laue-layer relrods intersect
the reflecting sphere.

(ii) A symmetrical diffraction pattern may be obtained from foils in non-symmetrical
orientations as a result of foil buckling.

(iii) Perhaps the most important limitation in diffraction studies is the need to use
two-beam conditions. It is not possible, of course, to determine an accurate
orientation from one diffracted beam.

The indexing and application of Kikuchi patterns in orientation determinations is well covered
in the text by Hirsch et al. (1965) and the papers by von Heimendahl et al. (1964) and Otte et al. (1964).
The application of Kikuchi methods to h.c.p. metals has been discussed by Okamoto et al. (1967) and
Okamoto and Thomas (1968). The essential features are discussed here.

The initial step in orientation determination is the identification of Kikuchi lines from measure-
ments of the pair separation, whereby dpy;p derivedusing Equation 16 is compared with values of inter-
planar spacings for the material studied. - Ambi guities in indexing Kikuchi pairs with very similar sep-
aration can be avoided by comparison of measured angles between different sets of Kikuchi pairs with
interplanar angles between the sets of planes responsible for the Kikuchi lines.

The intersection of the centre lines of different pairs of Kikuchi lines, the Kikuchi pole,
corresponds to a crystal zone axis containing the planes giving rise to the Kikuchi lines. The indices
of the zone axis can beobtained by substitution in Equation 12 and 14 of indices of the intersecting set
of Kikuchi pairs. Thus, when a Kikuchi pole is located at the origin of the diffraction pattern the
orientation is determined accurately.

The most common situation, however, is one whete the Kikuchi poles are not located on the
origin of the diffraction pattern. Then the orientation is determined by indexing three non-parallel
Kikuchi pairs and the Kikuchi poles of their intersections (von Heimendahl et al. 1964). The orienta-
tion is then obtained from angles subtended between these poles and the origin of the diffraction pattern,
either by calculation or stereographic projection. Since Kikuchi poles are zone axes in the crystal,
that is, directions, a standard stereographic projection of directions must be employed for hexagonal
metals. The method of orientation determination using two Kikuchi poles has been discussed by Otte
et al. (1964). '
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Okamoto et al. (1967) and Okamoto and Thomas (1968) have constructed composite Kikuchi maps
which cover a significant region of reciprocal space. These maps enable unknown Kikuchi patterns to
be solved quickly even when they do not contain two Kikuchi poles. The detailed geometry of these
maps for h.c.p. metals depends on the c/a ratio. Okamoto and Thomas (1968) have constructed a Kikuchi
map for titanium (c/a = 1.588) which is reproduced in Appendix 7 and should be applicable to zirconium
where c/a = 1.593.

Although Kikuchi patterns can be constructed for various orientations, the curvature of Kikuchi
lines gives rise to difficulties if large angular ranges are required. - The most satisfactory solution,
according to Hirsch et al. (1965), is to present a large angle plot as a stereographic projection of plane
traces, that is, the centre lines of Kikuchi pairs.

In conclusion, it is emphasised that because a Kikuchi pattern is uniquely representative of
crystal symmetry the 180° ambignity in orientation’ determination, which arises from the arbitrary assign-
ment of the sign of the diffraction vector g in electron diffraction patterns, is not present in orientations
determined from Kikuchi patterns. o

3.4 Determination of Dislocation Burgers Vectors

Contrast in transmission electron microscope images of crystalline materials arises mainly from
Bragg scattering of the incident electron beam. In bright field microscopy a small aperture is inserted
in the objective lens so that diffracted electrons are blocked out and only the undeviated electrons are
permitted to form the image. ' Thus, dark regions in the image correspond to regions of the thin foil which
are favourably oriented to give strong diffracted beams. - The interpretation of bright field contrast is fac-
ilitated if only one diffracted beam is operating, that is, the ‘two-beam’ case of one undeviated beam and
a diffracted beam. The two-beam theory of dislocation image contrast is presented in detail in the text
by Hirsch et al. (1965).

The usual method of Burgers vector determination makes use of the invisibility criteria, Thus
a petfect screw dislocation, which produces atomic displacements in the direction of the Burgers vector, -
will be invisible, in an elastically isotropic material, if the condition g+ b =0is satisfied, where g is
the diffracting vector and b is the Burgers vector of the dislocation, This, of course, is a general prin-
ciple stating that displacements or lattice distortions parallel to the reflecting plane produce no contrast.
Similarly, an edge dislocation will be nearly invisible if g. b = 0 although some residual contrast may be
obsetved because a pure edge dislocation produces minor atomic displacements perpendicular to b . The
condition for exact invisibility for a perfect edge dislocationis given by g. b = 0 together with g-bxu=0,.
where u is a unit vector along the dislocation line. For mixed dislocations some contrast is expected
under all two-beam conditions, but it is found (Hirsch et al. 1965) that dislocations are -effectively invisible

if g. b= 0, and if g-bxu<0.64. Athigher valuesof £ . b xu some contrast is expected.

The above account of theinvisibility criteria is adequate for materials which are elastically iso-
tropic. Head et al. {1967) and Humble {1967) have demonstrated that as the degree of elastic anisotropy
is increased, the residual contrast associated with the condition g. b =0 and g.bxu=0 generally,
tends to increase. In practice, thus, “near invisibility’ is generally accepted as corresponding fo the
condition g. b - 0.

The degree of elastic anisotropy in h.c.p. crystals cannot be described by a single parameter as
in cubic crystals. For a h.c.p. metal to be elastically isotropic, the following three ratios must be sim-
ultaneously equal to unity:

A = 2C44/(011-"C12) * C44/Cee
B = Cas/C1q
Cc = C12/C1g .

Fisher and Alfred (1968) showed that for zirconium at 300°K, A =0.907, B = 1.149, C - 1.115 whereas
at 1133 °K the ratios are 2.00, 1.292 and 1.281 respectively. Thus, at room temperature elastic isotropy
appearsto be a reasonable approximation for zirconium and should permit the determination of the con-
dition g . b = 0 from observations of ‘near-invisibility’,
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The unambiguous determination of b requires two valuesof g which correspond to the condition
. b = 0. The Burgers vector is then parallel to the direction which 1s common to these two reflecting
planes, that is, g x g» . The indices of b in the Miller-Bravais notation are obtained by solving Equa-
tions 12 and 14. -

Values of g. b for perfect dislocations in h.c.p. metals with various low order reflections have
been tabulated by Parfridge (1967) and are reproduced, with the addition of the 1124 reflection, in
Appendix 8. Using these valuesof g. b, the fraction of perfect dislocations visible for any of the low-
order reflections included in Appendix 8 can be deduced and are shown in Table 2. The values shown
in Table 2 are based on the assumptions:

(a) all Burgers vectors of similar form are equally represented,
(b) dislocations are visible only when g . b / 0.
TABLE 2
THE FRACTION OF PERFECT DISLOCATIONS VISIBLE IN H.C.P. METALS

(ASSUMING ALL BURGERS VECTORS OF A FORM ARE EQUALLY REPRESENTED)

Fraction of dislocation visible
Reflection 1 T 1 —
3 <1120> 3 <123 <0001>
1010 o3 2/3 0
0002 0 1 1
1011 2/3 2/3 1
1012 2/3 1 1
1013 2/3 1 1
1120 1 1 0
1172 1 5/6 1
1124 1 1 1

In addition to uncertainties introduced in bright-field image analysis of Burgers vectors in
materials exhibiting elastic anisotropy, France and Loretto (1968) have demonstrated that under
certain two-beam conditions dislocations are predicted to be invisible when g . b #0. These calcula-
tions have been supported by observation. This behaviour is connected with large values of w, the
deviation parameter in the dynamical theory (Hirsch et al. 1965) which are usually associated with
large diffraction vectors.

To avoid ersors in the determination of Burgers vectors of dislocations, the observed bright
field images should be compared with calculated images which take into full account the foil, dis-
location and diffraction geometry under which the observations were made. - Head (1967) has developed
a method of computer calculation of theoretical images as pictures taking into account elastic aniso-
tropy. This technique has been generalised by Humble (1968) for the case of a dislocation in a tilted
foil. An important parameter in these calculations is the gxtinction distance: corresponding to the
various diffraction vectors used. Extinction distances for the common reflectionsin zirconium have
been computed and are listed in Appendix 9.
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APPENDIX 1
INTERPLANAR SPACINGS IN «—-ZIRCONIUM

Interplanar spacings for o —zirconium, shown in the table below, were calculated from lattice
parameters determined with powder X-ray methods on zone refined zirconium supplied by Materials
Research Corporation. The lattice parametersat 21 °C are:

a = 3.2330 4

¢ - 5.1497 A

c/a = 1.5927
thkie} din & {hki) din &
1010 2.7999 1124 1.0071
0002 2.5749 1232 0.9788
1011 2.4598 2024 0.9476
1072 1.8953 3030 0.9333
1120 1.6165 1233 0.9008
1013 1.4634 3032 0.8774
2020 1.3999 1234 0.8175
1122 1.3691 2240 0.8083
2021 1.3509
‘0004 1.2874
2022 1.2299
2073 1.0849
1230 1.0583
1231 ' 1.0366
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58-!5 73.55 74053 88.72

12 -~23 Se3) . 21.47 35.10 53.62 54,00 57.89

65.22 71.82 78.81 85,01 '
12 -3 3 1 2«33 00 18251 32636 50.38 63,31 66459

67,73 712.51 R8GC.10 85.02



 APPENDIX 3 PAGE:1l-
©  ANGLES BETWEEN DIRECTIENS: IN ALPHA ZIRCONIUM
: C/A = 1.5927 .

YV ToW ST ¥ ANGLES IN DEGREES

0001 1 8.0
' ¢ o}, 000
1 4T.400
2 28.535
3 - 1%9.925
4 15,210
5 120271.
6 - 10,273
Y 65,308
-2 3 35.942
5 23.509%
1 72.959
2 58.49C
4 39,201
5 33,124
1 77053
3 55.408
0 30.000
1 62.036
2 43,283
3 32,123
4§ 25:216
o) : 1?i42?
g - 1%t.821 .
% 75.134
3 51408
5 26,996
g 22,713
¢}  90.000
1 ?ﬁ§835
2 55,166
3 ‘43;8@3
4 35,728
b 29+918
& 25,619
0 90,000 -
- 'lj '?5;&%2
"4 2 62975
3 52'589'
0 90,000
1 718.654
2 - 68.133
3 58,953
G - 90,000
1 - 782088
2 67124
3 57.67Y
o
) |
2
3
4

040 60,000
422600 68,405
61465  T6.181

70,075 80.189

10 =130 -

4 T4.T90 82,462
f*i;s- ?1&729 -830903'



APPENDIX 3 " PAGE 2
ANGLES BETWEEN ﬂ!R&CTIGNS Ik ALPHA . lIRCﬁNIUM
' ‘ C/A = 1.5927

UV, T UV.. THw - - Afs{;i.ﬁs IN DEGREES
10 +10° 1.0~16 79.727 84.584
2:0-21 24.692 62,981
2:0 -2 3 54,058 72,933
20 =-25 86:491 . 78.495
3:0 -3 1 - 17.041: 614442
3 6~-32 31.510 64.768
3 0~3 4 50,799  T71.577
30 -3 5 56.876 74.143
40 -4 1 12947 60,837
40 ~4 3 34.592 45.694
11 .-20 - 30,000 - 90.000
1l =-2 1 40,101~ 90,000
11 =22 53.576 90.000
11 -23 62,580 90.000
11=~24 68,349 90.000
1 -2 8 74.966 90.000 -
11~-2¢ 79.781 30,000
2 2 -4 1 33.1'71 . 90.000 -
2 2 =4 3 - 47.355 90.000
2 2 =4 % 58.591 ' 90,000 .
2 2=-4 9 70465 90,000
~1.2 =30 19.107 40.893 79.107
12 -3 14 26,806 44.4386 79,717
© 1.2 -3 2 39.115 '51.632 81.073
1. 2 -3 3 49.152 58,450 82.484%
1 .2 =3 4 560512 63,806 83.664
"1 2~3 8 61.882 67.850 B84.591
1.2 =35 65.885  70.922 85,313
'1:3 «4'0 13,898 46,102 73.898 .
1 3-~41. :19.845 47788 T74.410
13 -4 2 308,148 51.854  75.696
1.3 -4 3 39.560 = 56.586 77.275
"1 § -5 ¢ 10.893 49.107 70.893
"l 4 =51 15,679 50.069 71.28]
c 14 -5 2 245310 52.587 72.315 .
174 =5 3 32.722 S55.884 T3.71%
2 3 -54¢Q 232413 36,587 . 83.413
23 =%} 26.117 38.218 83.556
2 3 -5 2 32.276 - 42.285 83,933
2 3 =53 39.157 47.274 B84.438
1 0=L.1. 1.0-11} 0.0 43.191 . 79.208 85.200:
10 =} 2 18.865 39.604 65.239 75.935
10-~13 2T+475 40,378 59.275  67.325
1.0 =1 4 32.190 - 41,434 56.178 62.610.
1.0 ~-15 335.129 42.300 54,325 59,671
10 =1 6 A3T127 42.974 53,103 57.673
2:0=-2 1 17.908  51.892 - 67.292 B87.040
2 Q~2 3 ?ll.#ﬁe - 40:178  70.61% - 83,342
20 =25 23:891 ~ 39,870 - 61.713  70.909 -
3:0=-2 1} 25.559 56,616 59.641 . 81169
3'0.-3 2 - 11.090 . 48.122 . 74.109 87.709
30 =3 4 8198  40.786 73,028 86,601
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24437
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8F-025
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61,659
87 .240
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T2 2329
P .45
e L0648
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Ti W92
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- APPENDIX 3  PAGE 4
ANGLES BETWEEN DIRECTICGNS IN ALPHA ZIRCONIUM
C/&a = 1.5927

UV TW v .TWu AMNGLES IN DEGREES
1 0=12 2 2 ~41 51.300 76.974 79.953
2 2 -4 3 25.437 56.819 77.076
2 2 -4 5 18,083 45.44C 63.082
2 2 =49 14.039 35,865 49,409
1-2 hiid 0 630168 65.832 84:8203
1.2 =21 44.375 5G.986 68,057 78.279 82.071 86.980
1 2-32 29.300 37.066 54,861 64.703 - T8.175 B2.484
1 2-313 18.829 27.871 45.850 55,141 674412 T1.240
1 2«24 12376 224475 40.013 48.66% 59 .846 63.281
12-35 9396  19.685 36.247 44,240 54.455 57,566
1 2-358 5.131 18.506 33,779 41,139 50.505 53.346
13 ~40 £2.373 TL.657 82.387
1 2 ~4 1) 48.207 57.44% 69.789 . 76.572 84.039 84.910
"1 3 -4 2 35,683 4£.033 58.85% 73.67Y 84.023 89,204
-1 3 ~-4 3 25562 3T7.165 50,278 64.620 T4.289 80.470
1 4 ~8 ¢ 62,025 T1.776 81.004
Y 4 -5} 5CaT46  61.35C 704965  73.317 824312 88.881
1 4 -5 2 40.2311 51.871 61.815 79.508 83,792 87.881
1 4 -5 3 31.242 43,861 54,051 71,390 T9.329 87.065
2 3 =50 64,000  &7.445 86,859 S
2 2 =51 522391 564176 T5.665 T6a%11 - T8.816 82.662
2 3 -5 2 41.807 45.98C 66.921. 73,081 B6.424 89.319
2 3 -5 3 32.836 3T.4406 58,928 64.943 8l.622 B4.295
L0 -1 3 1 ¢C~13 0.0 - 16,622 34.332 39,851
1 ¢-=14 40716 - 17.841 30.401 . 35,135
l1.¢ -1 5 Te655 17,278 28.061  32.196
1 ¢ =16 92652 17.166 - 26,533 30.199
2 ¢ =21 454383 56.801 76.237 8%5.234
2 ¢ «-2 3 164016 3C.552 48.614 55.867
2 0=-25 3.583 21.554 37427 43,434
3¢-31 53.033 63.996 B83.535 B87.116
3 C -3 2 38.565 50045? 69.752 78.416
30 -2 4 19.276 33.255 51,623 59.127
30=3%5 13.19% 28.301 46.034 53,080
4 C =4 ) 574128 674871 83,021 87.446
4 ¢ =4 3 35482  47.622 66.829 75.333
11-~z20 72.834 90,000 ’
1 1 -2 1 45.451 530342 ?90621
3L -2 2 27.533 . 46.812 61,181
1 1-23 - 17.608 37.231 50,263
11 -2 4 - 124502 31.728 43,547
1'1 -2 b 90811- 26.237 360043
1 -23 11.287 23,045 30,713
2 2 -4 1 584233 76.042 87,475
2 2 ~4 3 35.260  54.150C 69.220
22 ~4 5 21802 431,334 $5.022
22 -4 9 11.131 2%.862 41,12%
1 2-~2¢0 11215 75,071 86.307 ' '
12~-31 52.207  56.497 68,317 154652 86,256 89.T4%
1.2-32 364773 41.571 53,880 61.072 TL.031 74,206
1.2 -213 25,655 31,037 43.689 50.659 59.987 62.895
I 2 -3 4 17.965 23,987 36,792 43.482 52,210 54.889
l1 2-=25

12u?l8 '19-3?@ 32.;16 380489 46»657 49.138
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APPENDIX 2
BETWEEN DIRECTICN

C/A

G267

70681
56.434%
431??8
33.487
TC448
59,131
48.64%
36,504
?10?76
55,996
49,186
39,913

0.0

4935

56(099_

2&-732
'86299
5?&?&9

43,281 .

23.992
17.915
61s844
40,198

16.868

49-219
30.880
20.273
14.113
“Bab13

T6T1

62.149

38843

24,848

12.077

795.647
56.568
41.034
294769
21:856
16.256

12023#.

75.246
6£0.972
48,293
3T7.943

75.071°
63.?41.

53,238
54,078
164,069

642231 .

- PAGE .5

E
S IN ALPHA ZIRCONIUM

ANGLES IN DEGREES

164443

76.332

62.529

50,381

4C.629
77.109

66,150

564137

47.467

T4.11%
62496
51.860
42.778

) 15,075
2.93?5

13.879
13.370
58,514
30.879
20.%13

654908
514963

33,830
28.378

69.877
49,017

g03.000
63.096
45,374

35,190

29.188
22.976
1%.177

754666
53,049 -

39,583

27.109
78,561

59.T27
44.470
330518
25,951
20.724
17.088
719.51¢%

£5.497

53,094%
43,043

80,110

66,008
58.T4S
4G, 848

- 71839

650990

28,889
8#.57&
71.100

55,244

49,733
83,595
72.882
63.020
54,518
87.760
T6.567
66.329
8T.602

26.265

23,787

22:164

73.506

45,230

- 33,628

80945
66.890
48.327
42 .568
84.93%

63.905

154415

56.859
45.859
39,084

31.502

26.108

- 8B+397

64,951

504655

36,5639
at.158

68.6TT

53.738

43‘95”;

35.477
30.559

26933

85.827
72.002
59.783
49,898
85n074
?4b09§
63.95%4

55,162

BBL2T5
76.783

34,929

81.909
69.942

604251

81.770 -

78.722
67.089

81.036

To. 765
61.983

30.419
27:488
25.483
80.518

51.152

33.T18
88168
73.700
54 441Y
484,334

BTT37T
70617

T4.338

59,332
484538
41.026
35.742
31.933

80.331
68?@59
583090

83.935 -

73.757
64 . 906

80.227

42.582
84,938
77 .486
67 443

85 .665

.8117?3

72.919

83.573
83-492
T4 245

B82.561 .

6?&114
56,002
48,121
42 J4B4
38.339

86 o34
73.954
63,775

860403
T8 462

69 .480

B7+915

'444899'

89.807

- 82.387

T2.029

88.064%
87.732
78.571

85.774
85,565
T6.2902

854260
69 .683
58342
50.312

44,542

40.278

- B9.524

77.784
67T.412

88.77L

83.090*:

7T3.92Y°
89.603
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APPENDIX 3

BAGE 6

BETWEEN CIRECTIONS IN ALPHA LIRCONIUM

N

T3AT DD s WS s Ry

L7a -

53.350
43,989

Cald

1.957
53.038
23.671
1i.238
6C. 688
46,220

26,931

20.854
T5.354
51.67R8
33.11¢%
22.267

- 15,750

T8.415

59.394'

43,729
32,410
0.0
55,035
25,669

13,236

62.686
48.217
28.928
224858
81.115
$3.287
34.5695
23,729
17.058
86-298
81,170
45&574
34.226

Ca0 .
2%.3686
41,798

T.65)
b.818
26,107
32.184
11.74%

9;991
38.108
27.01%9
32.482
3C. 450
44,504

1.5927

AMGLES IN DEGREES

55,305
46,049

12.200
11.351
£9.686
31407
204209
€7.172
53.037
3414?3
2B8.786

S0, 000

62.72%
G4, 656
34.15%
274866
8C.755
£1,800
46,398

35,270
104232

60.524
31.900
2G.304

68,061

53.823
35.028
2%. 216
3C. 000
62.523
44,250
33.55¢8

27,101 .

82.252
€3.232
47754
36.538

#5%.38%
52.782
55.648
412733

52.726

52+349

- 534266

37.5638
52.328

SC. G080 .

&0.060
72.2%86
69-2£1
£T794

66.244
57.216

21.212
19.518
Ti.842
43.219
31.388
79.353
ﬁ5.159
460365
40.541

T12.804
54,184
43014&
36,329
87.698
58.978
53.793
42.859

17.770
70.730
41.902
29.919

780281-

64,008
45.078
39.165

71.036
52.381
41.308
34,472
BR.0&8
694215
53.893

42.821

54.038
78,750
T8.355
56.168

56.201 .

75.490
8l.567
57.566
5%.284

-73:?04

16.387

86.295

B7.552

69.672 79,570 81l.182
60,619 70.242 71.783

24 o541
272 544
T7.579
48,213
35.780
85.230
70.761
51472
45,3495

13.569

584349

47357

20.547
75.582

46,215

33.782
83.232
68.76%
49475
%3.398

73.071
57.728
46.621

T&217
85,897
88.817

- 71.825

80.272
87,903
84,169
59.565
82.137

80268
64,798
53.557

T8.715
63.197
51.915"

82:46?7
65 B569
55,513

80.570'
64,9561
53.594



APPENDIX 3 PAGE 7
ANGLES BETWEEN DIRECTICKS IN ALPHA ZIRCONIUM
C/A = 1a.5927

uv. TH ygyv T WU ANGLES IN DEGREES
20=-21- 11-2¢ 50.637 66.512 B80.626
1 1-289 55,245 £5.866 T5.659
2 2 =41 2%.810 45.207 83.847
2 2 -413 28.867 6%.189 74.916
2 2-41%8 46,437  67.335 85.324
12 -30 30.849 46.622 80.113
12-31 18.545 38,197 4£7.639 59.229 72.583 88.563
12 -3 2 19,375 36,642 62.192 67.702 71.003 84.408
1 2 =23 26,396 36,023 65.14% T2.976 T9.47F T79.984
1 2-3 3% 32,814 42.254 63,936 T6.181 B0 .665 86.449
12-~35 37.790 45.201 63.403 73.953 86.208 .88.882
1 2 -3 6 41.563 47.651 63.198 7T2.397 85.429 89.5688
1 3~-420 28,119 5C.951 T5.405 ' '
1 3-41 16655 41.290 44,465 59.522 69,671 B81l.898
13 =4 2 C12.715 41.323 53.426 65.526 684,199 88,013
1 3 -43 17.388 #41.047 63.001 63.472 - 75.730 86.921
1 .4 -5 0 26,849 53,502 T2.699
1 4~-51 16.874 37.573 48.290 59.935 68.052 T7.913
1 4 ~-52 10.394 44,961  &T.T46 5H4.432 66 645 B83.084
1 4~-5%13 11:528 43.528 56,706 61.950. 72.894 B7.T45
2 3~=5¢ 23,513  43.152 84.01i8 '
23~-51 25.574 36:865 43.149 51.127 79.152 89.098
2 3 =52 21.476 33.431 52.714 59.351 - 754024 B86.195
2 3= 3 21.888 32,876 61.241 66.855 -71.853 82.222
20 =23 2 ¢-2 3 Ce0 34,133  61.105 7T1.884
2-0~25 L 12.433 30.742 51.293 59.451"
3 0=31% 37.017 58,811 71.099 87.516
3¢-32 22.548 47.6T4 80,042 85.568
3¢ -34 3,259 385,621 63.7T15 75.143
3¢C~35 2.818 33,027 58.824 69.0656
4 o ~4 1 41.Y11 62.134 67.005 83.994
4 € =4 3 19,466 45.473  T7.406  BB.650:
11-220 5G.447  $G,000 : '
11 =21 34,043 67,689 86.024
il -22 20,300 ° 53.887 T6.062
1.1 ~23 17.066 46.7k2 - 65.458
11-~2 4 18.373  42.907  5B8.942
11-2¢6 22.377 39.426 51.670"
11~-29 26,289 37.586 46,503
22 =41 45,651  73.52%  718.011 .
2 2 =4 3 25,579 59.712 83.875
22 ~45 17.72% 4%.713 T70.078
22 -4 S 19.421 0 41.684 56,595
}y.2 =30 56,315 63.659 83,631 '
12 -3 1 37,844 46,712 68.249 7T5.043 80.734 81.180°
-1 2 =3 2 23,435 34,266 S56.414 68.222 B84 .389  89.617 -
-3 2-33 "~ 14.483 26.945 48.617 59.300° 73.908 T8..439
12 -3 4 11.154 23.604 43.779 53.668 66538  T0.526
i2-=25 114944 22.628 40,795 49.730 614287 b64.843
1i2-~26 14.109 22.799 38.924 46,996 57.441 6&0.656
13 =410 55,265 65,984 B0.631
1 3 ~-41 41.220 53.527 69.033 69.388 TB 797 BT7.574



U¥Y: T'W

20=2 3

20=2 5

30-31

ANGLES

o
<

Mi‘#‘#‘“”*#‘*‘“”“bﬂhﬁNIVthH“F#h‘HH#ﬁf&-bkﬂulwlg b et Bt b b et g e et L) LT O L S 1O N O N (e G et e et

00 L0 0 N NI D R0 I N I N0 N0 R B et et ot s s 03 00 O O 3 2

W W WS S s W W

e e L -

APPENDIX 3

PAGE 8

BETWEEN DIRECTIGNS IN ALPHA ZIRCONIUM

TN OM ORI WO WS W ¥

GBI ket O 08 WL WIN B D @ G090 gy 0 8 3 B0 Bt Ty ) b LY D

C/A = 1.5927

235993

19.181 "

54,803
43,580
33,232
244305
57409

464040
- 35,807 .

27.364

Gal

49,450 -
34,981 -
15.692

9,615

69.791 -

42,683
25-258
16.198

”12.369
£7.857 .

48,923
33.604
22.614%
8.0
14.468
33.757

' 39{335
4.054
- 174551
- 34,106
29-&37'

38,844

464490

51.838
584156

62841

28.899
33,873
42:919

534840 -

25.388

-18;275-
24.521
33.192 =
- 404053
F 45,203 -

49,089

21.85%
13653
- 16.276

23.7568

ANGLES IN DEGREES

43.079
35.394
67.402
57.586

‘48;8&1
- 41.689
61.881
51.077.
'41¢499
33,777

23.00C%
62.650

49.511
‘33:21@-

28.722
90,000
644533
48.122
35.049
33.94}
12.450

- 54,136

39.558
25479

34.082

48,551

58,045
59,558

29:938'
51.633
$0.000

53.565
£9.247
75.629
T4.625
73.763

73.331

43,523

'62-286.

Ta.681
T4+316
43,115
38.84}%
40.472

44.620 .

48.705
52.086
54.717
4B.476
344219
43,639
45,204

59.144
51‘592
784923
66,056
61.325
54.397
86.139

68.905
67.867

60.669

40,419

83.532

T1.988

54,229
48,777

B2.826
64.487
53.635
464965

B5.677 .

680146
544177
44,439

5?.116
55.894
6T.840

- 13:917

51.8%0

82.101
17.682
78925
84.973
88.189
83.2618
85.688
79.481

- 16464

874170

- 79590

40.787

54,932

654.554
69,915
69,872

- 694979
- T45.623
44.374%

46 .08%
55,011

T7.123
68.736

69.556
76.504
75.348

72.900

75.363

679210 .

47018
B5.524
8l1.999
62.7T10
56 .633

764712
H2.517
52.437

684212
T5.262
85.696
89.995

© 66.40T
55.950 -

76870

54.093
64.7T74
70,332
T3:164
T8.662
19.274

55.253

62.781

67.128

81.970 .

80.286

TT 4450
82.921
84.932

76.526
T79.540
88.021

86 .848
73.990
- B3 087

- Ta.521
7L 601
713.216

79390 .

80.567
82.739

70.769

68.323 -

69.609

89.695
BT.740

868.333
86.843
85.6256

- B4.190

83.136
88.729

89.070
T7 649
656.364%

85.7T30
88.917
85.041
B2.392
83.888
87 .234

T9 .366
84,085
88.136



APPENDI X 3 PAGE 9
ANGLE S BETWEEN DIRECTICNS IN ALPHA ZIRCONIUM
C/A = 1.5927

UV TW UV Tw ANGLES IN DEGREES
30-31 1 4=-50¢0 20.138 514251 71.763
1 4 -51 11.993 30.361 47.830 564219 684623 754,571
1 4 ~% 2 11.343 4C.344 46,368 61.853 66.448 7T9.555
1 4 -5 3 17.155 46.576 49.215 65.212 67.350 83.282
2 3 ~5C 28,673 39.852 83.704 :
2 3-51 23,224 35.742 37,062 46.316 80,340 87.316
2 3~-52 22+.737 364,791 464,017 53.601 77.586 89.262
2 3~53 26.091 38,349 54.221 60.529 75.558 86.328
30-32 3¢-32 0.0 5C.463 63,019 84.821
3 06~-3 4 16.289 47.590 82.208 82.308
4 C -4 1 18.563 44.456 57.823 72,642
4 C -4 3 3,083 49.636 66,102 86.893
11-20 42.410 9C.000
11-21 264207 65.980 75.8l4
11-22 27.542 67,637 82,777
1.1-23 33.360 63,728 87.133
1 1-24 38.058  61.781 80.892
11~-26 48.486 59.232 68.881
2 2~-41 32.037 54.583 824294
2 2-43 25.425 7C.999 75.405
2245 30.490 65.328 88,460
2 2-49 39.898 61.177 78.637
1 2-31 21.169 38.709 53.888 64.076 71.109 88.889
1 2-32 16.304 34.158 64,494 68.705 76.651 80.444
1 2-33 20,802 34.584 60.743 T4.593 79.606 86.050
1 2-34 26.531 36.812 58.778 70.719 87.251 87.356
12~-35 31.263 39.247 5T7.768 68.122 82,440 87.065
1 2=-36 34,956 41.416 57,253 66.322 T8.896 82.939
13-40 34,147 53.762 7T6.323 _
1 3-41 21,396  45.415 47.719 63,663 69.005 84.263
1 3-42 12.914 40.176 60,016 63.377 73.195 88,462
1 3 =43 12.874 38.088 59,644 T0.142 81,263 82.543
1 4-50 33,155 56,074 73,796 : : -
1 4=-¢1 22.534 44,110 49.455 63,615 67.887  80.166
1 4 -5 2 13,684 44.551 54,387 63,022 71.136 B6.312
1 4-53 6,318 41.607 59,427 63.403 77.958 88.254
" 23-%0 38,523 46.799 B84.388 . ,
2 3-51 29,145 . 38.949 48,881 55,810 78,254 B89.301
2 3-52 22.483 33.500 58,825 64,688 T2.946 83.508
23 -3 19.850 B30.913 67,568 6B.769 72,605 T8.647
30~34 3C-34 0.0 . [ 364848 664373 78,403
. '3 0~3 3 6,077 . 34,746 61,556 . 72.326
11 -2 6 564813 90,0000 . 0 L
11 ~21- 22,131 68,692 83.103
11 =2 2 20.048 - 55g§}§‘a 79'114
11-273 18.675 48,982 68.,578°
11 -2 4  2C.888 45.486 62,102
12~-30 53.328 61,459 83,140
12-31 35,062 45,113 68,455 T1.957 78.644 8l.861



APPENDIX 3 PAGE 10
ANGLES BETWEEN DIRECTIGNS IN ALPHA ZIRCONIUM
C/A = 1.5927

Uv. T W Uuv 71T¥ ANGLES IN DEGREES
30-=3 4 1 2-~32 2l.141 33,424 57.290 569,866 87.135 87.244
1 2«33 C 134425 27,127 50.062 61.536 76,787 B8l.611
30~3 5 3 ¢-325 0.0 31713 560490 66.249
11-20¢0 61,755 6C.000
11 -21 30,836 ££€.877 BB.551
11 -2 2 20,912 52.434 73,429
11 -2 3 16,071 44,824 62,7656
11-24 16.403 4C.T40G 58,216
1 2=-3¢ 58,912 £5.60) 84.072
1 2-31 4C.299 48,308 68,131 T7.7%4 79.782 83.382
1l 2 =32 25,579 35,195 55.750 66.846  B82.020 86.903
1 2-23 15.879 27.081 47.475% 57795 7T1.428 75.699
4D -4 3 i1 =-2¢ 32,434 90,000
11 -21 31,731  BC.178 83.970
¥i1-22 %2.119 €5.445 B0.613
1y -2 3 5C.317 74.986 79.062
1) -2 4 55,787 7B.3C5 80.974
1 2 =3¢ 22.943 - 42.548 79.387 '
12 =21 19.369 37.222 39.8697 51.514 - 75.669 B84.237
1.2 -3 2 27.867 42.878 51.077 H1.507 73.793 88.662
1 2-213 3€.953 47.B0& $1.593 69.620 T3.191 88,039
4 0 -4 3 i1-290 44,527 SC. 0060
11-21 26375 68,687 T4.551
1 -2 2 25.567 £5.588 85,671
i'1-23 3C.694 61,261  B4.161.
1 1-~24 35179 55,094 77.883
12«30 38.935 51.51%6  81.050
i2-21 22908 3S.269 56740 664333 T0.529 B7.T40°
1 2 =22 15.686 334383 63.142 7T1.659  78.679 79.226
1 2-373 18.528 32.809 58.B40 72.419 B82.607 88.797
11 =2 0 g 0.0 - £C.00¢

21,964 63,793
4$€.TLT £%,952
57.877 T4.5¢1
4. THG TT.7CH
T2.571  B1.387
T8.179 B4.121
14,866 61.101
38,532 6,975
53,004 - 72.490
£7.287 78.869
1C.893 49.107 70.893
21.943 51.803 71.9330
36,262 57,483 T4.409
47179 £3.,055 76.905
55,011 €7.525 78,981
E0.674 T10.942 B80.604
£4.874 T3.557 8l.863
16,102 43.8%58 76.102
21 9413 t} Ec ?i 5 ?6- 511'1 .
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p1-20
11 -2 1
31-22

ANGLES
y ¥
3. -4
A -l

1 4 -5

1 4 -5
4 -8
g -5
3 =5
3 -5
3 ~5
3 =5
‘T -2
1 =2
1 -2
1 =2
1 =2

1 1 =2

2 2 =4

2 2 ~4

2 2 =4

2 2 —~4

1.2 -3

1 2 -3

1 2 =3

12 =3

12 -2

1.2 -3

12 -3
T3 ey
3 =4

1 3 =4
A -4

1 4 -5
4 “§
4 =5
4 -5
3 =5
3 =5
3 -5
3 -5
5 B
1 -z
1 -
1 -
1 -
5
2 -
2 -
2 -
3 -
2 =2
2 -
L2 .-

APPENDIX 3 -PAGE ‘11
. BETWEEN DIRECTI
' C/7A = 1.5927

W
2 31.145 50.067
3 40,266 55.090
0 19.107 40,893
| 22,113 42.1170
5 28,726 45:449
3 35.948 4%8.6306
0 6,587 53.413
1 13.589 54.324
2 23,756 56.891
3 32ng21 : 5@-?58
1 Qe0~ 52.%415
2 18,75 49.899
3 26,913 50.805
4 36,820 52.239
6 44,607 54.573
g 50,215 56.672
1 13.097 42.830
3 16.568 5C.389
5 25,040 5C.189
g 39,323 52.91C
0 76,850 54.675
1 13,295 45.564
2 11.532 42,062
3 20,153 42.383
4 27,485 44,085
5 32,964 45.987
6 37.076 47.7i4
o 31.941 B50.473
i 20.256 42.896
2 14,304 38,738
3 16,485 371.777
0 33,427 4B.113
1 24,421 41.680
1 863 #3 3?94}.3
16.890 35,525
28.668 58.234
17.194 404383
7.825 48,139
‘T.173  45.92%
.0 40.095
11.160 36.984
18,067 36.424
25.854 3T.134
314462 38.486
 31.850 58,195
‘8,185 43,809
6.287 38.029
20.570 36.498
47,682 63.331
284964 48.475
 Lh.461  38.367
7.516 33,273

wrur‘m~90H»hr¢c>J~wro L AR N B

ANGLES IN DEGREES

T7.645
19.003
79.107

19.899
80.682
66.587
6T.120
70.381

552928

T4 681
80.660 -

T6.34%
71.632
68,377
56.829
66490
T4 809
73.195
48,293
59,667
57416
55,668
564,590
56. 782
TT.752
45.058
57.121
6%,036
$0.391
43446

-53.138

61.759
52.273
51,235
56.816

T2.847

644263

59.165
53,710
50,035
61.583
79.319
61967
57.374
77.031
63.Y9
53.146
47099

87.789
85 .84%0
87252
719.465
73.857
72.150
85.942
8347506
84 . T49

647121
63.606
74815
TT1.770
T4-T98
T2.674

54,945 -

66,290
&7 .06

55,780
63,577
67.366

63.883
59,626
60.617

86.566
75.406
68 .499
60.712
55.104

8l.688

85 4249
804279
65,996

563612 :
T6.630

68.281%

ONS. IN ALPHA ZIRCONIUM

66,907
78 .045
82.050
82.773
83.221
80,050
71 » 249

694215
77260

T5.173

T0.758
704720

65,271
72376

784809

79.341

82.108

83.157
BB.267
B6.456
87.53%
88,501
RT.2061

84.854
88.620
83.313

B8 .869
84.328

75.723
81 .890
3?¢375

BB .452
87308



APPENDIX 3  PAGE 12
ANGLES BETWEEN DIRECTIONS IN ALPHA LIRCONTUM
C/A = 1.5927

UV T W Uy T AMGLES IN DEGREES
11-22 I 2«3 4% 10.229 31.454 43,779 . 52.618 70.799 78.%90
1 2 =35 14.81% 321.260 42,02} 584733 65.977 72.832
i1 2-=36 18.646 31.736 41.111 55.988 62.462 68.574
1 3 -=42¢ 48.7S% £60.3%4 B0.522
"1 3 -4 1 35,097 48,806 62.718 T0.155  72.614 88,835
1 3 =-42 23.428 3%.56% 6£1.480 75,367 79.393 83.724
1 3 -4 3 15.093 33.414. 55,030 71.846 85.366 87.134
I 4 -5 ¢ 49,621 SB.784 82,555
1 4 -5 3 38,886 45,356 40,5131 68.5%7  T4,320 89,072
1 4 -5 2 2%.266 41.226 66,960 TOa726  77.887 81.322
1 4 -5 3 21:491 34,968 60,852 74,666 79,655 §&.,068
2 3 ~50 47072 £5.880 74,19
2 2 b ] 35.247 56,625 58,926 65,365 75.547 83,321
2 3 -t 2 25425  4LEBJT3G 57,724 69847 84,634 88,167
2 3 =5 3 15.245 42,726 51.720 72,269 80,845 87.478
"l 1=23 11 -2 3 G0 30837 54.B39 64,247
11 -2 4 6.307 28.421 49.237 57.339
11-28% 14,694 27.420 43.248 4#9.552
11-29 20302 27.944 39,247 43.944
2 2 =4 ] 43.010 61.689 72.743 87,726
2.2 <4 3 15.345 42.64% 71.361 83.59%
2 2 =45 4.872 33.238 58,908 69,119
2 2 =4 g Ya410 27.88% 47.268 56.836
1.2 =30 584523 6%.628 719.976
12 =31 3%.533 52.638 63,740 17573 B3.476 87.089
© 1.2 «3 2 24,197 35,716 51,222 TO0095 78.606 86.868
1.2 -3 3 13,428 31,550 42.970 50,610 68.268 75.535
c 1.2 -3 4 "T2056  27.027 37.893 54.135 861.037 67.505
- 12 =3 § 6.023 24,815 34,829 49.66T7 55,915 61.731
12-36 8341 23,913 32.976 45.498 52.184 5T7.462
13 =4 0 594277 67.47C 82,662 ' -
S 1.3 =4 ) 454225 54,509 70.546 73,397 80.678 85.093
“1 3 -4 2 32:869 43,436 60.093 14274 85.970 B7.507
1.3 ~4 3 23,020 35,022 51.971 65,595 - 17.859 83,749
1.4 -5 0 590838 66-29? 840233 . . :
1.4 -5 48+.757  5%5.894 70.973 T4.624 T6.851 B6.095
1.4 =5 2 382581  46.491 65.878 77.164 81.323 86,697
1.4 -~853 29,859 38.633 S5B.474 69:470 84.598 89,638
2 3 =529 58.114 71.522 77.802 :
2 3 =51 464287 60.992 67.570 69.999 8§2.224 884170
2 3 =% 2 35.323 51.594 58.406 80.940 8£2.268 87.8568
2 3 =5 3 25.939 43,886 50.843 74,076 79.333 89.625
L1 -2 4 131 -24 C.0 24,598 43,302 50,431
i1~-22¢8 T T8T 22,032 36,930 42,6644
i1-23g 13.365 21695 [2.660 37.0%6
2 2 =41 494918 64.024 T19.651 88 .4497
22 -43 264252 43,095 86,612 T6.684
22 -45  11.780 31.706 53.531 62.21]
2 2 -4 9 24502 23,538 41.210° 47,929
+1.2«30 654270 - 73.805 81,984 -
1.2 =31 464198 55,913 64.613 804486 84,387 88.076
1. 2-32 30.696 41.808 50.885 664305 73.299 80.046
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APPENDIX 3

C/a

16.52¢C
11.837

4‘-6 87
65,838
51.670C

39,131

28.975
66e262
55.063
44,120
35,758
64,962
53,069
420130
32,708

T2.895
53.7T6%
32.180
26,852

784395
55,247
43,628
32.258

18.357
22.216
32,634

39811
- 9.492

53.778
34.879
15.765S

48,625
33,088
21.844%4

0.0
19.165
34,804
&ta197
54,272
£0,082

- 44380

PAGE .13

= 1 s 5{;27

ANGLES 1IN DEGREES

32.221%
26194
22594
20551
72,122
58.598
464800
37.481
60413
50.518
42,054
15.25C
64202
54,551
45702

TB.652
6C.1032
48,125
34.481

£2.293
£3.384
48,027
36,942

80.T47
35,681
480242
51.454

59.,19%
464509
36,099
36.4T9

66.800
50.631
38.801
31.886

75.35¢8
57.208
42.772
32.784

21.787
28,705
4G.318
50.0G03
57.165
62.410
66,327

43 %55
35.326
3i.384
28.829
Bas1 27
T1.172
59,852
504875
85.382
£% 690
57617
B0 .25%
69,367
549,492
51181

B4e37%
66,057
51313
40,848

860155
6T377

52.141

41.164

71556
47.008
50.736

- &1 .B49

T5.1464
58,595
55.542

514183

?80640
63,368
510859
44 o 540

82.739
65.025
50,929
41.129

38.213
42,084
49.822
57.053

62,650

66928
70.139

564391

44,390
{Q"G T} 934

80.035
T1.342
62.06%

11485
T4.797
66570
T6.859

78,713
TO.076

T7.255

62 n3:€51 ’

51 .H341

75,049

59,761

59.106
66,033
66.162

63,489
TH.027
T4:.195

72185
T2.895
63.891

C 719429

aés o 993
S5%.67T1

60,000
614817
49,760
59, ?51
13,024
715.559
TT751%

IN ALPHA ZIRCONIUM

62620

55 a3. 3G

 49.831 .

45,959
B2.853
82.090
T72.185

B2.082

87+817 .

79007

86 462
83.239
T4 oBHU

B2 o640
&Y oLl

56 «437T

78775
63,350
52.151

67 4TH
68 092

T5.356

73787
81 645
84 542

B3 620

82 .392
T2.317

15326
71.401
50,608

B81.787

B82.245
83.264
B4 2325
B%.215
85,914
86 .459

68.693
H0 649
54.866
50,590

85.763

T B7..337

TT 016

84,315
87.900
83,009

88.791 .
87.809
R2.THO

87971
72359
60,988

82.454
66.828
55 447

TT.607
88 .062

87 859
86,277
85.290

55,633
BH.3L8
A0 .363

36.829
TT1.574
664215



- ARPENDIX 3 - PAGE 14
ANGLES BETWEEN DIRECTIONS IN ALPHA ZIRCONIUM
C/A4 = 1.5927

Uv T H Uv Tw ANGLES IN DEGREES
12-30 1.3 =420 3208 264955 33.004 54,791 £5.209 86,995
-1 3 =4 2 2T«485 374463 41.664 59,096 68,067 87.324%
1 3 -4 3 37.728 44,954 48.238 62,748 70.548 BT 4614
1 4~5¢0 84213 30.000 51.787 684213 90.000
1 4«51 13,975 31.886 52,663 5Ba.660 90,000
1.4 -5 2 23,287 364513 54,964 69.852 90,000
1 4«5 3 32,010 42.101 . 57.996 71.459 90 .000
2 3~-5%4¢Q 4307 - 17.480 42.520 55.693  &4.307  TT.480
2 3=51. . 12.656 21.048 43.B49 56531 £4.899 T77.754%
2 3 -5 2 23,256 28.502 47,229 SR.ILES 66,456 78479
23 =53 324583 + 364296 51479 61.559 68,509 79 .445
-1 2-31 1231 G« 0 20566 36,020 38.330 43,3886 53,831
560366 70.224 7T6.394 B88.872
1172 -3 2 15.638 24.827 37,176 53.969 54.388 57.803
65,037 72.652 78.438 8%.608
12 =33 27031 32.429 41.353 55,678 £5.362 H8.273 .
1.2 -3 4 35107 38.860 45,582 5T7.160 69,800 73437
15779 7%.181 B80.394 89,468
1.2-33 4Ce917 43,779 49.102 58,661 69.400 77 .453
7S.247 8l.204 85.088 87.1%2 _
1 2 -3 6 45,215  47.525 $51.908 59,985 694246  TEH.25%
B83.546 84.733 B85.225 88.574
1 3 ~4 0 - 19.835 32,684 37,613 57.003 66.667. B7.162
’ 1 3 -4 i 54961 2é02?5 31.929 13.863 - 42.?4‘2 46;651)
524494 £2.295 B3.475 - 72,383 82,542 38,100
-1 .3 =4 2 5202 25,983 31.260 46,565 50,637 53.088
56'187 - 54, 858 T0.369 TH.24% TH W50 83 .96
1 3 ~4 3 18.813 249.780 34.043 50.801 BELTHT B9 .046
624033 £4,555 T6.184% - 76.524 6,763 .
"1 4 =50 20750 35,112 54,246 69,477 90 ..06400
14 =5 1 11326 29.921 31.567 492,485 50,396 59 449
| 65.901 ' 73,751 . 86,297
1l g =B 2 B+151 286.183 41.810.. 48,353 504439 63.408
65.166  78.282 82.917
L 4 =5 3 144005 29.524 47.940- BOB29 57.892  61.987 .
" T0.653 80,252 B2.470 _
2 3 ~5.0 “ABeb25 25,716 45.878 57.833 65.825 TB.184
2 3 -51 B+354 182319 31.366 35.532 41.499 52,162
53,936 £2.06% 63.054 70,553 T4 5%8  82.381
2 3 ~8 2 5470 162721 39,731 42,251 45,374 51.820
564081  5%.673 48,722 71.562 75.540 86,500
£ 3 -5 3 CA3WTRG 20.468 404196 51,287 55 L459 Gha3al
58560 £5,.604 £9,599 74,080 $OWLES BG.BTS
1 2=3 2 L. 17.854 31.182 48,480 65,033 69607

P12 =3 2

. - 724525 76,735 TH.230 89,350

1.2 =33 11393 19,999 30.851 45,884  60.454 70.686
_ | 81.000 82,660 §3.343 3885.015

L2 =34 194489 2446591 32.852 45,325 S57.370 66743
775079 85.031 88.962 89.076
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1.592

ARGLES IN DECGREES

2B.9%55
Bl 1362
‘%:JO‘“' ji‘
TEa30F
42975
31.78¢8
L1l.0462
N R
IR

A e Bl
o o
Rt

<]

R N Ry
GRS § S T - R N S S e
s
P et
oy b
Tad oA O
- LT I

<URD
a(‘igf}

- OLE

? 3'0"(36
! {‘0 \“‘(}d?
£olat
7¢

AraBTH
Tr:.374
2i. 810
?”510‘;(16_
Lr?q i(’.){;
P
“1.03Y
L A
R L1 E
2T GUT
Blo 874
LB 683
FTe30Y
ECLETG
27071
FLe B8 8
18,253
TR AZT

35:.265
83,430
Y GER
Fei4d
A ot B0
35,070
ThohTT
’“¢3P9
FTo o il

266391
RS 642
25,082
T7.8044
2hHe 260
}1..0‘3":]”’
FELHE4
HHLL00
N e i
4167
TIab7??
32324
FT203
25,8497
8%.016
L4 . H48
55820
83,691
LB 287
H8.259
420340
Be. 682
59.32%
L9547
S R
K3 o557
TS 077
25,210
A1 G0

45,615
85,115
46.198
B LB1Y
3,260
T BT
LF0TR
T P
& 3 o ? 1 2
Thehas
Fda2bhiz
52,3709

EEPASE

LRI Y
HE 09%
41,497
87607
E) {.‘J‘ o ’i) Q 2
T9.531
37045
TheF22
Gh LR35
H9a N2
’(; '{“ £l ié‘ ‘? 1:3
BRARR I
TG
ahoBRY
79,096
40,934
B3.747
75:.1132
58.014

59,523

53.678

HF 2037
ST247
Fé o B4y g
S0.208
BL.R1Y
A4 o 3006
H2 392

56412
55572

689,861
.—’J"}l}’ ]

79470
b5h 525
80 LERE
hib664%
BR,.7G2
G000
B4 203

égéﬂﬁb
a).) 5893‘

49 937
4T 4057
4b 0{391

T3.127
0606
BLTOHT
54.092
84,022
48 005
8T 060
80,000
6% 529

68 470

68.147

? & 0‘7 ;'553
5 .72348
BY 682
Y6149
Y BTH
50e242

BE.7T3

64,138
62,359

¥.533
55,390
e 294
62,029
HT-285
67604
88.329

b5, 24
53e925
7 ﬁ. 60T

TG .7147
55,2085

& o T T
LY L0284
3é&E 002
HGLH90
B9. 747
&30
80139
54.818
5% .5%4

87 .921
H2.639
854,005
B804
BR.&20
62.136
88,712

&66.,804

T3:2%0
77601

B8L.3T0
{}{}'a 1{36
BY.B8TT
£H 2418
BG n?é??
59,153
{B7.413



APPENDIX 4

STANDARD (0001) PROJECTION FOR H.C.P. ZIRCONIUM
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APPENDIX 5
CRYSTALLOGRAPHIC FORMULAE FOR H.C.P. METALS

Errors exist in crystallographic formulae listed in the literaturé for h.c.p. metals due to
confusion between Miller and Miller-Bravais indices. Correct formulae in the Miller-Bravais notation
have been listed by Otte and Crocker (1966}, Nicholas (1966) and Ckamoto and Thomas (1968) and
are reproduced below. These formulae are simplified by usinga parameter A defined as -

R

1.6914 for a-Zr,

1, The direction [uvtw] normal to the plane (hki?) is given by _

fuvtw] = [hkigX*] . : S S (A5.1)
2. - -Conversely the plane“(hkiﬂ) normal to the direction [uvtw] is given by

(hkit) = (uvtw \D) . - | - (A5.2)
3. The interplanar spacing of planes (hkif) is given by

ity - ;{23-(11*- P I )}_y’ L e '-(-A'-sis')‘

4, The identity distance d© along a direction [uvtw] is given by

Cwew = afd @+ v oW W . (A5.4)

- 5. The angle between two ditections [uavitsw,] and [u»vot.wo] is given by

Ullp + Vavot+ tito + N wiwe ) '
cos 8 = < - . (A5.5)

(Wi + vi+ i+ Nowi)R@ir v+ ti o+ N w4

6. The angle between two planes (h1kii.f:) and (h.k:i.f.) is given by
, haho + kiky +igia+ N 010,
cos & = (A5.6)
GRS SIS HE PN A (S CHEE VI R N K
7. Direction [uvtw] common to planes (h1k1isfs) and (hokoi2fo) is given by the solution
of the three simultaneous equations
h.,a + ksu + ist + 2ow = 0
hgu + kQV + iQt + EQW = )
n o+t v o+t =0
which gives
Takqiy hiTiia hiksl4 hikiis
luvtw] = |Zokoie h,Ti, hokol, hokois . (A5D)
0 11], 101}, 1101, 111
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APPENDIX 5 (continued)

8. Plane (hkif) containing directions [u,v,t,swy.] and [u 2Vat2Wo] is given by the solution of
the three simuitaneous equatmns :

uih + v1k +otid o+ owaf o= 9

llgh +V2k + tzi + WQE =0

h + k + i =0
which gives
Wivats UL Wty Us vy Wy U.vy ty
(hkif) = Wavots U Wots U2VaWo UaVato o (A5.8)

or1f ,l101|, [t10], 111

9. Direction [uvtw] perpendicular to direction [usvitiw,] and lying i in plane (hkif) is g1ven by
- the solution of the following simultaneous equations

hu + kv + it + fw= 0
sttt ovyv totst F A waw=0
u + v+ ot s =0
which gives
7k i b il |hok T ognck i
uvtw = | |=XN wivyts Uy ~AN wity Ui va =N wy| Jus v: ta .. (A5.9)

0 1 1], 41 o 1),|t 1 of,]1 1 1



APPENDIX 6

ELECTRON DIFFRACTION PATTERNS FREQUENTLY OBTAINED
FROM H.C.P. METALS

( Zone axes are given in terms of Miller-Bravais indices.
The strueture factor is zero for reflections marked x ).
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APPENDIX 7

KIKUCHI FATTERNS

The Kikuchi map of titanium, constructed by Okamoto and Thomas (1968) is reproduced in
Figure A7.1 : :

Figure A7.1 The [0001] Kikuchi map for h.c.p. titanism (c/a = 1,588).
1l poles are indexed in terms of directional indices.

Determination of the Exact Foil Orientation from Kikuchi Patferns

The unknown Kikuchi pattern is shown in Figure A7.2(a) together with a tracing of some of
the centre lines of the Kikuchi pairs (tracesof crystal planes) in Figure A7.2(b). - The Kikuchi poles
B and C are obtained by extrapolation of the relevant traces. The traces of planes giving rise to the
Kikuchi pairs were indexed using Equation 16 and the Kikuchi map in Figure A7.1. Thus the poles
A, B, C and D can be shown to be {01141, [0112],.[1126] and [0113] respectively, From the
scale factor of the pattem it can be shown that the origip of the pattern, and hence the direction of
the electron beam, is 4.3° from [0114], 9.7° from [0112] and 8.2° from [1126] . The beam direc-
tion is shown on a section of the standard projection in Figure A7.3.

The beam orientation can also be given analytically because it is obvious that the origin of

the Kikuchi pattern lies almost on the intersection of the (1121) trace and the trace of a plane con-
taining poles A and H.

Pole H lies on the intersection of the (2422) trace and_the trace of the plane containing poles
B and G. Pole G, which lies on the intersection of traces (2311) and (2242), has indices [1 45 15]
“(use Equation AS5.7). Hence the trace containing poles B and G is given by (4131) (use Equation

A3.8). Thus pole H, lying at the intersection of traces (2422) and (4131), is given by [1 7 8 21] .



-

The plane containing [0114] and [1 7 8 21] is (6511). Therefore, the beam orientation, given
by the intersection of planes (2242) and (6511), is [T 10 11 33].

Figure A7,2. (a) A Kikuchi pattern from zirconium.

o[ﬁo:] O[lil!]
0[0711]
ofife3] o)
[ [ézd o[oz29]
o[ﬂ"‘] 6[‘5'5] ofiz) ofoiy]
f[nm] ofd
ofsis] "8 offiuq]
ofm] ofi] ofm] o of
Figure A7.2 (b) Schematic drawing of Figure A7.3 An enlarged section of the [0001] standard
centre lines of indexed Kikuchi pairs projection for directions for h.c.p. zirconium. The foil

in (a). orientation in Figure A7,1 is shown at B,



APPENDIX 8
VALUES OF g.b. FOR EIGHT REFLECTIONS A,ND-lg <1130> —,31- <1123> 5 AND <0001> -

TYPE BURGERS VECTORS

Burgers Vectors of Perfect Disiocatioﬁs (x}-)
Reflection ' : — e —
" | +(1170] |£(1270] | +17110] |£(1123]} + [1213)} +(3113] | +[ 1123] £[1213] 1£(2113] | £(0003]
1 |wolo] 1 | o 31| 1 0 1| st 0 T1 0
0110 +1 +1 0 t1 +1 0 t1 +1 0 0
1100 0 t1 tl 0 +1 t1 0 +1 1 0
2 {0002 0 0 0 +2 12 +2 T2 ¥2 T2 +2
3 j10i1] 1 0 1 +2 +1 0 0 1 2 +1
1011 +1 0 ¥l 0| *1 ¥2 +2 t1 0 1
o111 +1 +1 0 2 12 1 0 0 71 +1
01ii $1 t1 0 0 0 ¥1 +2 +2 t1 F1
1101 0 | 1 | #1 £1 | 22 12 | 1 0 0 1
110l 0 1 | 21 ¥1 0 0 +1 12 +2 T1
4 |1oi2| +1 0 £1 +3 £2 +1 F1 ¥ ¥3 +2
1012 t1 0 +1 I | T2 +3 +3 +2 +1 ¥2
oiz] #1.] 1| o £3 | 13 2 | T1 1| 72 | 2.
011Z] =1 1 0 1| 1 ¥2 13 £3 +2 ¥2
Tioz| o0 | #1 | 21 sa | s3 | £3 [ ¥2 | ¥t | Fro| 22
1102 0| 1 +1 ¥2 T1 ¥l +2 +3 3 | ¥2
5 |1120 +2 +1 ¥1 12 t1 ¥1 +2 +1 1 0
1210 t1 12 +1 +1 +2 11 +1 +2 tl 0
10| 1 1 | 2 ¥1 1 +2 F1 1 +32 0
6 |10i3| +1 0 | F1 +4 +3 +2 ) T3 T4 | t3
03] 11 0 | *1 ol 33 | 74 | 4 | 73 12 | V3
01i3 t1 +1 0 +4 14 +3 ¥ 2 +4 T3 +3
0113} =1 +1 0 ¥2 2 T3 14 T2 +3 73
1103 0 £1 | #1 £3 | 4 4 | F3 14 ¥2. | £3
03| o t1 +1 3 2 2 +3 2 t4 T3
7 |ud2| 22 1 | ¥1 +4 | 3 | 21 0 F1 T3 £2
133 +2 71| 71 | o | ¥1 ¥3 +4 £3 £1 72
igiz| +1 £2 | 1 £3 | 4 | 3 ¥1 ) T1 £2
12i7|. %1 £2 | *1 ¥1 0 ¥1 +3 0 +3 72
F112|  *1 21 | +2 1 | 13 +4 ¥3 13 | 0 +2
2112 1 +1 +2 - ¥3 1 0 +1 x1 +4 T2
8 |1134| 12 1 | 21 i6 | 5 | 3 | F2 ¥3 5 | x4
1124 +2 +1 1 +2 +3 *5 +6 +5 +3 T4
Tola| +t £2 | tl £5 | 6 +5 | ¥3 T2 73 +4
T217| 1 ;o | ¢1 | F3 | ¥2 | ¥3 +5 | x6 £5 | 74
314 1 | 1 | £2 +3 | +5 | 16 | ¥5 | 73 T2 | 4
a3 1 1 | +2 Y5 | ¥3 Y2 £3 15 | *6 ¥4




APPENDIX 9
EXTINCTION DISTANCES FOR VARIOUS REFLECTIONS FOR

100 kV ELECTRONS IN a—ZIRCONIUM

The extinction distance £g is an important parameter in the dynamical theory of contrast and
is given by the relationship

. mVcos 8
e

"

where V is the volume of the unit cell and F, is the structure factor for reflection g . - This relation-
ship is only valid when s = 0, that is, when §he crystal is at the exact Bragg posifion and when only:
one reflection is operatirig, For 100 kV electrons it is necessary to use relativistically corrected
values of F, and A.-

In the dynamical theory of contrast, the deviation from the exact Bragg reflection position is
denoted by a dimensionless parameter w = s¢g. The effective extinction distance &g when the
crystal is tilted from the exact Bragg position is given by

€% = g/ syt L

Thus, when using observation of thickness fringes to determinie the thickness of the foil it is necessary
to note the deviation from the Bragg position, w, of the operating reflection and to use values of £g.

The values of £g for o-zirconium for 100 kV electrons, given iri Table A9.1 have been calcu-
lated using the analytic representation of atomic scattering amplitude given by Smith and Burge (1962).

Relativistic effects have been taken into account using correction factors listed in Appendix 4 of the
text by Hirsch et al. (1965). - :

TABLE A9.1
EXTINCTION DISTANCES ég(R) IN_a—ZIRCONIUM FOR
100 kV ELECTRONS

hkif £g hki¢ &g

0002 315 3030 927
0004 622 3032 1012
1010 592 1120 488
1011 378 1122 582
1012 . 830 1174 836
1013 625 1230 1567
1014 1387 1231 930
2020 1136 1232 1736
2021 681 .1233 | 1125
2022 1310 1234 2244
2023 B77 2240 1982




