UCRL-11996

University of California

Ernest O. Lawrence
Radiation Laboratory

4 )
TWO-WEEK LOAN COPY

This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

\- J

DISLOCATION DIPOLES IN DEFORMED MAGNESIUM OXIDE

Berkeley, California




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-11996

UNIVERSITY OF CALIFORNIA
Iawrence Radiation Laboratory
Berkeley, Callfornie «

AEC Contract No. WeThOS-engwi8

DISLOCATION DIPOLE§ IN DEFORMED MAGNESIUM OXIDE
Thomas Robert Cass

November 1965




- Inorganic Materials Research Division, Lawrence Radiation Laboratory,

. connected with the plastic'deformation‘of magnesium oxide by a careful

"However, the application of transmission electron micrbséopy, the ex=
- perimental technique used, was limited Because no complete theory of the
»diffraction contrast of dislocation dipoles'was available. Thus, calcula=~ .

" tions of dilslocation dipole‘contrast were made using the Dynamical Theory ‘

' the following awxiliary topics were treated: The transition from kinematim.
:; cal. te ‘dynamical diffraesion conditioas,'differenﬁiatien~between a narrow.r:
l»dipole and a single dislocation, determination of the nature, i;e.,linter-
A;stitial or vacancy, of & dipole, and determlnation of which surface a linelf;

‘vdefect lies closer to.

T mental conditions were standardized. In particular,‘specimens were pre;vli'

' pared from platelets dlamond-~sawed parallel to an active {llO] slip plane," 3fyj‘;-ﬁ

 responsible for the diffraction contrast. Almost all the visible damage
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ABSTRACT

The‘major goal of this work was to idehtify the microScopic}prbcesses” -

study of the dislocationvsubstructures?develOPed during defermatiqn.

of Hewie and Whelan. Besides this primary application of the computations -

P e A

 In order to best utilize the results of the calculations, all experis --

- and observations were always made when only the {220} family of planes was
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PREFACE

o "j”}:fi3> This study is divided into two chapters. In the first chapter,;'ii;

"”theoretical calculations of the diffraction contrast as observed by
transmiss1on electron microscopy, due to dislocation dipoles are pre- :
sented. Further, bthe results of the,calculations are compared with

. experimental observations in order to determine the reliability, appli- -

/-cability, and usefulness of the calculations.*.Tne second chapter contains'H;T
.Tagilan experimental study of the dislocation substructure developed during L
”ﬂ:flthe deformation of magnesium oxlde specimens. Since the dislocationz_'JTi‘g7l5}
‘idipole is the most prevalent form of line defect present in these i
: specimens, use is made of the principles developed in Chapter 1l in
'iinterpreting the experimental observations.v The combination of the

'.Etheoretical and experimental studies yields new information on the

e L coa -
D A

E f:'mechanisms of dislocation dipole formation during plastic deformation. S,
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were calculated, under a variety of conditions, for infinitely long

- thin foil.

-

respect to the transmitted beam; 'It'thus became necessary to make

calculations of dislocation dipole contrast uSing the more exact dynamical

vtheory of Howie and Wheian2 that takes into account absorption., With

suitable values of the parameters, the -theory also may be used to produce

results valid for kinematical diffraction conditions, i.e., when the

*
Bragg angle deviation parameter, W, is large.

The first step in the calculations was to attempt to duplicate the

) results of_single dislocation contrast obtained by previous investigators.2

| These preliminary computations served the purpose of verifying the-compu-
v :'tiné techniqnes and also allowed a thoroughvfamiliarity‘to_be gained with 1: .
V-f.the dynanical tneory._ It also was.expected that nany properties of the:v
V“:images of Single dislocations would apply to dislocation dipoles. Thus,;%f ‘

',1 bright-field (transmitted) and dark-field (diffracted) contrast profiles

L.

single screw and edge oriented dislocations lying in the plane of the

Strictly speaking, this statement'is not correct because the dynamical
equations still carry over sbsorption parameters, and the kinematical

v"theory negleots'absorption altogether. Thus, when we speak of:kinematic
aiffraction conditions and kinematic images, we really mean dynamical

theory with absorption, at large deviations from W = 0, as no calculations

- made with ﬁhe kinematical theory are presented. However, the distinction
is only important in certain cases, as most of the features of the kine-
‘matical t#eory are retained in spite of the absorption. ‘When necessary,

differences arising solely from the inclusion of absorption will be
indicated, - '



" kinematical diffraction conditions, i.e., the change of‘dislocation'images
‘as W is increased: Great use has been made of the kinematical theory of

-~ diffraction contrast of Hirsch Howie, and Whelanlvin interpreting.dislo-~

- the transmitted beam is dominant in. the erystal and ‘that the intensity of

“the diffracted beam is always small With respect to it. Because of" this"

. enables one to predict at which side of the actual bosition of the dislocation f;'m
' its image will occur. In the dynamical theory with.W = 0, the side at
thlch the image occurs and the distance the image is displaced from ‘the -
'dislocation is a function of the depth of the dislocation in the thin
:; foil. In the kinematical theory the image also oceurs to.one side of -

."the dislocation, but: the image position is only a function of the

h'.the kinematical approx1mation has been used to determine the sense of

hﬁlibending introduced by &n edge dislocation in a thin fOll,h the Slde of
"l%'the slip plane which contains the extra half plane of an edge dislocation,
ithe nature of loops formed by the annealing of dislocation substructures
."%’in magneSium oxide,6 the nature of fission irradiation loops in platinum,
~~'and the nature of loops in alpha-particle bombarded aluminum. _ Allvthet
:fgaforementioned works assumed the reliability of the "kinematical theorem‘“
.Jvhfjwhich states that, irrespective of_a dislocations_depth,/its image lies-f>
‘on the'side of the dislocation‘at mhich g . ﬁ‘isdof opposite sign tO"‘vff;”.fb

i}"SéZ where g is the reciprocal lattice vector associated with the

_It'was of further interest_to study the transition from dynamical to

cation substructures. This theory is developed under the assumption that -

fact, conSideration of the local lattice curvature at a dislocation ‘

:‘.ﬁ‘deViation from the Bragg angle and is not a function of the dislocatioh .“‘5*f3‘;“7“

:”p depth. The depth independent one« Sided nature of dislocation contrast in e

T
8

!

diffracting plane, R is the displacement vector of the dislocation_
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= Straln fleld, ﬁg is: the nagnltude of the devmatlon parameter 1n the p;.gg?‘
”);'?ﬁ reciprocal lattlce (and is- proportlonal to the dynamlcal devmatlon para-

meter W), and Z 1s the depth coordlnate 1n the thln fOll w1th orlgln at

‘-r

"the dislocation. Phy51cally, the klnematlcal theorem states that, 1n av

crystal not at the Bragg angle, the 1mage of a lattlce defect w1ll occurx-

- .on that 51de of its actual posltlon where the lattlce tllts caused by
,tah2;flj}>’i the defect locally brlng the lattice closer. to the Bragg angle. Although
| :‘ the klnematlcal theory is not quantltatlvely valld untll W > 5,9 the ;

| determlnatlon of the value of W for whlch the klnematlcal theorem of
depth 1ndependent one-s1ded contrast becomes valld was. deemed worthwhile

’ b

For the screw dlslocatlon case, two straln flelds derlved from

.“llnear elastlclty theory were used The flrst corresponded to the ;j3
'"ffhf strain field of a screw dlslocatlon in an inflnlte medlum,10 the second
:‘corresponded to that of a screw dlslocatlon in a thln plate%l w1th an
iilnflnlte series ofrlmages and was exact._ The infinlte medlum straln
fleld alone, and w1th P 51ngle 1maée‘were used 1n the edge dlslocatlb
.icase. The exact straln field of ‘an. edge dlslocatlon in a thln plate i
‘;;not obtainable in closed form,],'2 but it has been shown that the presence
ff of the dlslocation produces a bendlng which is a maxmmum when the L
hdtfl dislocatlon is at the exact center of the plate.l3i The induced bending'
J'only has the effect of causmng a dlscontlnulty 1n the background 1ntensity'
‘iion alternate sides of the dislocation core,h but does not affect the othcrf

features of" the contrast. Thls bendlng is not reproduced by the 51mpll-_

fled treatment used in these calculatlons for single edge dislocatlons;

Edge dlslocatlon dlpole lmages were calculated uS1ng 1nfin1te

medlum straln fields plus simple images for each component dislocation.fp}f

In the dipole case, this approximatlon'ls certainlyvmoretvalid than injj

, :
' . ‘ o



the Single dislocation case because the lattlce bending discussed above :

is restricted to the 1nterior of the dipole, and essentially is cancelled

"'3 : out51de elther of. the dislocations of’ the dipole. 'The effect of'dipole.

'T'contrast study} it was noted that the strain field of a narrow dipole
l:;fapproximates to that of an included platelet. Hence, the strain contrast

'f ' theory of Ashby and Brownlh wa.s investigated to see what Similarities

-existed between images of narrow dipoles and those of included straln

7. Details of Calculations

The two-beam dynamical equations of diffraction contrast in a de-A

's?'formed lattlce may'be written 1n the form-2'3'

l

dT‘ ~n T' +1r (f—_"—_—”) S' ,_wvi S

_‘dz' - = __
‘dS' B . ‘1 ; : “ ‘ S "
ot 14 ] ] ,

o < = gg,:)r {go' - gni(s r Ne)}s ,_2_),_

:’:go' determines the mean (unifbrm mode) absorption coefficient which is
,Eﬂ

k O
::the transmitted beam loses all its 1ntensity to the diffracted beam in. s

g is the extinction distance and is twice the distance in which

5f¢fa crystal oriented exactly at the Bragg angle.» (For a discussion, see
;;'Heidenreich 15) E '_1s, by analogy, the absorption distance which

;:,Phenomen°l°81°ally characterizes localized (anomalous) absorption fﬁ"
: 1¥;processes, ;Sg is a parameter Proportlonal to the deviation from. the ;;
f.,ifBragg angle, and is related to W by W S g ,vand . 15 equal to g ) b)

usually lfor 2. Finally, B describes the strain field of the defbrmed é

to E“‘(g R(z)) S In the present notaticn, however, Ne - s"

As defined by Howie and Whelan, the strain field parameter BHW was equalp

Ve

-spacing, depth of the dipole in the fOil deviation from the Bragg angle,;j

_and value of g . b-were all cons1dered. During the course of the dipole j[{'

" centers, " R R tW».*ﬂ'7_f PT',i',:ilf” X




{‘lattlce and 1s the derlvatlve w1th resoect to depth of the lateral dlsv.

-ﬁplacement fleld of the defect., The dlrectlon of the p051t1ve Z-axis was

taken parallel to and in- the dlrectlon of travel of the electron beam,
o assumlng that 1t lmplnges perpendlcular to. the plane of thethln foml. ?
- The posltlve X~axis was taken to 11e perpendicular to the Z-axis, and

'1f”upointing towards;the right. The dlffractlon vector g was’ taken parallel

:ifto the p051t1ve X—aXlS for edge dlslocatlons and p01nt1ng into the plane:

-fof the figure for screw,dislocatlons. In any case where B is not constant
;the equatlons must be numerlcally 1ntegrated from the top surface of \p
.::'the foill (Z = o) to the bottom su:rface (z The obServable quantl—.:-::"»,::'j'
‘7:ties, ‘Tlla and lS'l ’ the transmltted and dlffracted intensitles, re-v:”
vspectlvely, are then computed. from the amplitudes T' and S' at the lowerv
T?T‘surfaces.- o N »f , }i T_ "t » | ‘.
. An IBM. 7094 was used to numerlcallp 1ntegrate the dynamical equa-_
7tions. It was convenient to separate the orlginal equatlons into their
Fneel‘end.lmeginary'parts,,yielding’four linear slmultgneousﬁdlfferenplalh
’fiegu;tiéns}A Startlng wmth'the boundary condltlon real part.of T'-% l;:i
and’ 1mag1nary part ‘of T':— IS'[ O the numerlcal lntegratlon was done,
lgby the fourth—order Adams-Mbulton Method w1th a variable step size,:"
5“ utilizing the Rnnge-Kutla Mbthod for the startlng process. The SHART
4ijjroutine, De RW INT Was used fbr thls Lntegration, the mathematical 2
.v;formulation is described in the SHARE abstract.l6n~
| ‘The functlons descrlblng the strain flelds, the, B functlons, depend
. 7fon the pos1t10n of . the defect they represent._ The position ofysingle=
5Tﬁidislocatlons was always taken as X =0, 2= nu the same positlon was

$‘u;used for the geometrlc center of dlpoles.v Two dipoles orlentatlons-h

A%‘iwere studied.. In the flrst, the component dlslocatlons were immediately‘



" 1;gabove one another.. The second orlentation Was the equlllbrlum conflgura-'

"g other, with the left-hand dlslocatlon always further from the upper surface,’

if'iThe dynamical Egs. (1) and (2) are derlved under the assumptlon that X
-'.'may be cons1dered as a parameter.‘ Thus, the numerlcal 1ntegration was ;
‘viﬂincarrled out by lettlng Z range through its values (O to D) whlle holding :

. X constant. The lntegratlon then ylelds T’(X ) and 8 (X ) About 60 *lf

- Lof the larger absolute values of B.

tion for edge dlslocatlons, i.e., the dlslocatlons were at k5° to each

'than the rlght-hand dlslocatlon.: The W = O (exact Bragg angle) lmages”.:l:aif
~ of dlpoles of the alternate equlllbrlum conflguratlon can always be :
Qvaeduced from the computed images by reflectlng the absclssa, i.e., by
" letting X -» - X.- The B functions, whlch are. the’ vertlcal derlvatlves,

‘BRX(X Z)

= -—?;Er——-, of the lateral dlsplacement functlons depend on both i and X.:_ ﬁ

';,values of the parameter X were used to produce one set of 1nten51ty
§ profiles (|T° [_ or |S‘| vs. X), the lateral limits on X were £t .
l'AX'J, the spacing of the X s»was taken smaller-near the center of thel?ffbff

1“g%dislocatlon since the intens1t1es varled more rapidly there as a. result

Because of the pos31ble erroneous values of IT'] and IS'I that R
could arise near a dlslocation core due to the large values of IBI

. there, & criterion was needed to determine whether the calculated results;"eh

3were accurate. It was. noted that 1f the lower limit of the variable - L _{'Lfi.

*"h_numerical integratlon step size,‘A Z, was made too large, the intensity 5-'?€ﬂfiﬂ7clﬁ

i

e:;f-ﬁProflles would often be dlscontlnuous 1n the v1c1n1ty of the dlslocatlonft:?il

o _this sense, the calculated curves are free from numerlcal integratlon f

”'core. As a practlcal solutlon, the step size was decreased untll a

- further decrease no longer produced a change in the 1mage proflle.:.In S

errors, as they represent the transmitted and diffracted intensities in B




~

fithe limit of infinitely small numerical integration step Size.. Also, the_;:

znumerical integrations were never. carried out any closer than 2 Burgers

v"ivectors from the core of the dislocation, -the curves were 51mply inter-“”‘

v polated across the origin. This technique avoided the- %. divergence'in

v:V‘the strain field at the core of the dislocation.v:

The aforementioned treatment of X as a parameter is known as the,

e ‘ 5 : . (X,2) 0 .
1”1:;‘:,f?rri'001umn apprbximations This assumptionvmeans that - '//;'[7“J'

L s aCYOSs a narrow column whose dimenSions are Wide enough to contain all
i'?the transmitted and diffracted beams that contribute 1ntens1ty to the 21;?,
>p01nt X =X, 57 Z. =D, on: the bottom surface of the thin foié._ In addition;‘
J‘l:fthe two beams are’ con51dered approx1mately plane so" that —Bgéfiil is
”tg_small. In the dynamical theory, then, the column is parallel to the g
iidiffracting planes. Because of the repetitive intensity interchange‘i

’ k that results from dynamical interaction, neither beam travels very far

e f-laterally; When a crystal ofvmagnesium oxide is oriented exactly at-th

(;iBragg angle for diffraction of lOO KV electrons from the [220} planes,
1ia column w1dth of about 6A is sufficient to contain the lateral excur
2531ons.of the two beanw. Thus,.fbr purposes of calculation, the continuously.
- ??ﬁdeformed crystal has been diVided into narrow columns. Each column lS
hgﬂassumed to have the. diffracting properties of a crystal of 1nfinite‘
i'fsii;;lateral extent composed of extremely thin slabs, perpendicular to thevflf‘;’}

*}-electron beam, with each slab displaced laterally from its neighbors.f:l

o ;;In31de each slab,_l-e»; for a certain value of Z, there is no laterala

h”ff“variation of the displacement function, RX(X,Z) However, RX(X z) isfv

fallowed to vary as. Z varies, 1.e., as we pass. vertically from a given;

slad to the-one belOW»lt. .The. w1dth of the numerical integration step,

“ o

A Z, determines the practical w1dth of thin slabs assuméd, since only




_'one value of Z per slab 1s de31red.

Soop

‘Vh as the lowest order strong reflection available in the specimen geometry.- fjirf;i
" to which the calculations were to be. compared The f01l thickness was_i

';/standardized at 6 extlnctlon distances, which is a. typical value. Foilv’

- of —5— = 0, 157 was adopted this figure was obtained from the measurements_f
'Z,f*of go and - §' for [200} beamsvby Watanabe et al. 9 The value of golff:f75

o obtained experimentally should, in principle, be independent of the

: In all cases, both the Burgers vector and the dislocation lay

”j{parallel to the plane of the fOil. Contrast profiles were calculated
! for several strain functions. The exact formulae fbr the B s are given'vja'st

’.1n Appendix I and an explanatory list is given in Table I.

Because all’ experimental observations were carried out under con—' :

~trolled conditions, selected values of the'parameters occurring in'the
- dynamical equations were used. For convenlence, the fundamental unit of't -
- length was chosen as a Burgers vector._ Pomsson s ratlo was taken as j'.

i v = 0.18. T Magnesium ox1de extinction distances were calculated at’ viftfh,Uﬂ‘ﬂﬂv;l

100 KV from the tables in Thomas. 18 gaoo = 186 b, geao = 25h b,

= 376 b. The {220} reflectlon was chosen as a standard because it

1‘_thickness has little effect on the calculations as: long as it is suffi- o .FE;,?Ji-j

Ciently large fbr anomalous absorption effects to be 1mportant.. A value

&

'“fﬁdiffracting plane utilized in measuring it.. There _were no d&t& fOT E'é '.,
St 100 XV in the {2201 case. Therefore, the (200} value was. assumed, and

it yielde g = O 113. Thus, 1nstead of the usual assumption of

£

gy e &4

—— = 1, we have E——{= 0.7l. By taklng the value of £ fbr {200}, the' S
& & S

. amount ofanomalous absorption present when_usxng‘a {220} beam_has been*;;e]t ;;~:

overestimated. o D
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. Tavle I.. Description of Strain F elds S*L"e

train Field - . ..~ 3Boundary Conditions™ + . -

E‘Biv(x;'z; nQ_screw 5i$idcatioh}‘E5:c' } infinite body

(X, Z, 1) scfeW.aislocation-v f  j;: thln plate (exact)
f'BB ; 52(X}XC,WZ3:¢+XO) - ?ﬂf:f  : thln plate (exact)

screw dislocation dipole .
center of dipoie st (0, n),
component dislocations at -

('o:n'ﬁ'x)and (Y,nX)

ﬁh (X Z,’ n) edge dis? ocationfi ~ infinite body
'53B7 (X, Z, n) edge dislocationfv ‘flnflnite body olus simnle

S : ' ‘ ~image across surface Z=0; '
-shear stress is zero at Z—O

 1¥"__v | : :“ . o ';"Lfg7 “; ‘rormal stress X0

;;§§:= 5?(X}X , Z,n+xb)_ o "¢ ?1 4fi 11nf1ni te body nlus simnle

, . . r 0 odmage across. surface Z=0;
-67(X- ,'z,q-x ) " shear stress is zero_at ZfO;
“edge dislocation dipo

" .normal stress X.0
eoulllbrlum conf 1gurat10n'.?:?' '
“center of dipole at (0, 1),
_~-«component -dislocations at .

(' 0? 71+X ) and ( 0? T]-X )

510 (X Z, N, D) edge. dislocation .-, . infinite body plus simple
, o ..+ image across surface Z=D; ...
e 'fff”ﬁ* , _ o ,_;f” . shear stress is zero at Z=D'{T“’

TR e S “ 7 normal stress * o '

- 13 ﬁlo(xkxo, Z, 0%y, D) © . infinite body plus éimnlegl
T .47y image across.surface Zs=Dj; .
-510(XPXO, Z, n=Xys D) %"+ shear stress is zero at Z=D°

' >”normal stress ¥ 0

. edge dislocation dipole:
. equll ibrium con;*guration'
- center of dipole at (0, n),

~ component azs;ocat-o“g at. - -
' .(" 0’ n+xo) a.nc (“O) n'xo) |

K




Table I (continuéd)

”LHLLQ.

Strain Field

' Boundary Condition

B(X Zn+X)

—57(}( Z) T)-X )

edge dislocation dlpole'

centered at (0, n) with
component dislocations at
{0, T]‘-"'XO)- and (0, W'XO))

' one exactly above the other

- 1B13 = Bio(x’ zZ, 7]“'X. ) ‘D)
ease a*s‘ocat*on ulUOle
centered at (0, n) with

"..component dis;ocaulons.at_:.f*

: (O, bl '+XO..) and - (O; Tl,.".xo))

one exactly above the other.

_fln*lnlte body nlus sinn’e

. image across surface Z=D;

"~ sheaxr stress is zero at Z D
';normal stress %0

infinite body plus simple

image across surface Z=0;

~shear stress is zero at Z-O

normal struss % 0

t

.

3




i?Results of Calculations

It is to be expected that many properties of the images of Single,

.

;dislocatlons wrll also apply to dislocation dipoles. It is therefore

'"f:des1rable to consider first the calculated 1ntens1ty profiles for single‘

'dlslocations.

_fI Single Dislocation Images

5

Figure I illustrates several features of single dislocation images;p

= :The 1ntens1ty ordinates are identlcal in these and all subsequent con~'53

5,:trast profiles., The dislocation llne is normal to the plane of the jﬂ@

'}figure- the plots extend to an extinction dlstance on either 51de of the;

nf:dislocation core, 1.e., 254 Burgers vectors. “The horizontal line that'j

Hfis approached by the 1ntens1ty function is the background intenSity,

.t

vl e., the intenSity observed in perfect crystal.- All profiles in Fig._lf

arfare bright—field 1mages for the N = l case, As illustrated'by Fig. l(a),

:fpthe width of a screw dislocation lying neaxr a surface (one-half extinction

”3f3distance from the upper surface in this case) 1s cons1derably decreased

v

';if the strain field is treated exactly. However, the tail of the’7

'S

contrast function is apparently the only part affected by the presence

vof images, as the two strain fields yield equivalent results near the

fcenter of the’ dislocation. Close examination of the two strain field

;fformulae, Bl’ and 62 shows that they approach the same: limit as X

-fbecomes small, s0. this behavior is not surprising.

,_the same diffracting conditions, 1.e.,.W.— The greater Width of5

* the edgeidislocation image is a.pparent.2 The conditions producing



f angle the apparent pos1tion of the dislocation changes from one Slde
'::'of the dislocation core to the other.. This effect Will be discussed

“‘lyin more detail later, when the N = 2 case is described. The intensity

| d{'seen from the following three facts.‘ First thexamount of.bending

5{jf{ distance from the surface. Second, no bending is involved in the
Tl strain field used in the present calculations. Finally; the effeCt 3130 R

’of“_occurs in the intenSity profiles of screw dislocations, fbr which there

’“i}ﬂ_is no possibility of bending.

‘Zﬂﬂiin the bright-field image (N=2) of an edge dislocation one-half extinction

f *;b;distance from the top surface . as the deViation from the exact Bragg angle

PRI {

R T

",. the crystal is deViated slightly from the Bragg angle, such that W=1..

LIt is important to notice that in deViating the crystal from the Bragg

profile in Fig. l(c) indicates that the region to’ the right of the ;.
”*f}dislocation would appear darker than the left-hand region. This effect
o is a general one for single dislocation images in crystals slightly

if’deviated from the Bragg angle. The contrast difference is not associated

anlth the bending of the foil caused by the edge dislocation, as ‘can be ["f e

” introduced, and hence the intenSity difference, goes to -2ero as the

3. dislocation pOSition approaches the surface._ Therefore there should be

'"fjivery little bending introduced by an edge dislocation one—half extinction f*

if;infinite body plus Single image approximation to the edge dislocation

‘,

Figures l(d) and (e) and l(f) and (g) are two sets of serew and
't‘gedge dislocation profiles for W = O at depths of 2 75 and 3 0 extinction 5
;distances in the fOil, respectively. The greater Width of the edge .

j._:dislocation images is- thus also apparent in the central regions of the'*:f.

Figure 2 illustrates the change of apparent position and intensity

H 5
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5~3‘br1ght- and darl-fleld 1mages, it also causes: the strength of bright-mmna’-
‘Ch-and darn—fleld lmages to be dependent not only on the value of W but--?“”

*tf;ralso 1ts slgn.-

Y-if‘II ‘Edge Dlslocatlon Drpole Images

. No attempt was made to subd1v1de the sectlon on s1ngle dislocation
ltlmages because of the interdependency of the varlables that affect

E dlffractlon contrast. The same interrelatlons exist in thls sectlon,
~gpbut 1ts greater,length requlres-thatAsome subdivislon be_madefp'vfhj,f ;
| II~l Kinematical Dipole Contrast | i | V‘“'f " .
e Before dlscussing the results of -the present calculations fbr edge
(1ﬂ;”dlslocat10n dipoles, the main features of. Wilkens' klnematlcal dlpole ;i

3'w:l.ll be. descrlbed. In the klnematlcal approximation;

jfcontrast calculations
i;the image of a dlslocatlon lles to one szde of the actual posmtion of the
”'leslocatlon. Undexr otherw1se identical 1maging condltions, dlSlOC&thnSA
"}fgrlof oppos1te sign Wlll have thelr 1mages on opposite sides.- Thus, the *

vitf:lmages of the component dislocatlons will either be both ins1de or both

v*l{out51de the dipole. Wilkens calculated the klnematical scattered intensityl

ig'of/both'typesﬂof dipole image as a fUnction ofvthe parameter‘2x W, where:
W is the deviation parameter and 2X the horizontal spaclng of ‘the dipole

"1n unlts of extlnctlon lengths. For outside contrast he fbund that

0
'Ethe value representatlve of an isolated dlslocation. ,In the case of

"€vivas 2X W decreased, the dlffracted inten31ty decreased continuously from n:

J.

¥ ’ ' R
" Wilkens actually considered the parameter QXOS . In order to use f

W throughout this work, hlS parameter has been converted to the present

r

E "'.j-',_,:-one by tak:.ng X in u.nits o:f' Eg ,‘ so that 2X gg = 2(—-——- )(ggs ) = 2X’W.

{
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‘;inside contrast, hcvever, ‘the scattered inten51ty initially increased.l7'“'"i:3f“‘

v:;as thelparameter 2XOW decreased.. Eventually, a strong Single maxbmnnﬂi.."

“‘Toccurred at 2X W = O 53 then the diffracted intenSity decreased for

' 1? smaller values. Wilkens presented no data for values of 2XbW less. R

‘lpthan 0. 25, because according to the. kinematical approxmmation, the

Sy

; diffracted intens1ties became‘quite low.at’thatrp01nt.; Thus, his-resultsj;

lv}‘are restricted in “the sense that if the images of very narrow dipoles
.'td}jwere desired, they could only'be obtained accurately at large deviationsl{;t
*bfrom the Bragg angle- conversely if images at smaller deviations weref -
”i’required, they only could be calculated for dipoles of rather large ;f%j;;(
f?; aspacing. Also, Wilkens used strain fields of screw dislocations, as\
:Lhas been shown, edge dislocatlons have conSiderably wider images than do
:ﬁ,;screw dislocations and hence conceivably could 1nteract over a Wider 3}.TV
1"€3igrange of- dipole spacings. In order to further simplify the calculations;
#Ei ;1;Wilkens limited his calculations to |N|-= 2 and treated only a dipole'*77

‘iexactly at the foil center. Thus, there remained several important

"55;questions to be answered by the dynamical calculations of dipole
.(?contrast.v The following parameters were accordingly studiedz pos1tion.v:'
l?:f;;of the dipole in the fOil, spacing of the dipole, amount of deviation from’
'Lﬂithe Bragg angle, value of N. o s B L
3 II-2 Dynamical Dipole Contrast N C : : }g;
,: The present calculations are limited in that they treat only the
Jilf]a?range of dipole spacings in which there is a strong interaction between
‘-fthe strain fields of the comnonent dislocat*ons. That *s to say, we' &;}
- i -
- are not interested in dipoles of such large spacing that their contrast
vﬁ,i'can be nredzcted entirely from the relevant calculations fbr single

o dislocations., SRR 'f%e | '“_' : ji‘ hfﬁ’;”fﬂ;f*"'




Jii II-2 1 Depth Symmetry Properties s
There are certain symmetry relations which hold for images of defects ‘
‘5‘in crystals oriented exactly at the Bragg angle' these relations have | : .
. f'itip:been deduced from the dynamical theory: for bright--field2 and dark-field 20 ;
‘limages. Briefly, there are two classes of defects grouped according to -
vﬂxﬁ%htheir'displacements and lattice tilts.d In the first group,“the-bright-,v
tifield image is the same whether the defect lies at a depth n or D-n, where
;pr is the foil thickness.; Included in this group are screw dislocations
: jin the plane of ‘the fOil and edge dislocations in the plan cf +he foilvﬁ{;ii
l'.;':vwhose Burgers vector also lies therein (compare Fig. h(c) and (h)). 'The1;‘
:”;idark-field images for these positions are reflections of each other in N
'fiéﬁathe plane formed by the dislocation and a line drawn normal to the foil
| ”:{:surface.v To the second group belong edge dislocations 1ying in the planei
nii;of the foil with Burgers vector perpendicular to the “foil surface,
fw-spherical inclusions, and planer inclusions whose major strain aXis lies
iﬁﬂit.in the plane parallel to the fOil surface. Here, the dark-fieid image'is
i.identical for'defects at q or D-n. Conversely, the bright field images
h:;?at these positions are reflections of each other. Calculations show ”:‘
“'”ﬁfthat the strain field of a dipole of narrow spacing approx1mates to that,
vfi of a planar inclusion, at least as far as the symmetry properties of: thei
ineridynamicalvequations are concerned._ Figure 6 illustrates the symmetry
5 }irprinciples described above. The upper four profiles are for a Single
;iedge dislocation (extra half—plane down) at depths of l and 5 extinctio
?idistances in a fOil 6 extinction distances thick. The lower four curves{

*?y?vare for a‘vacancy edge dislocation dipole centered at the same depths..f

f5fThe two component dislocations are exactly above each other and are

"”é»%‘separated by 20 Burgers vectors. The same symmetry properties are valid L




”ﬁ‘i.e., at h5 to each other, in this case, however, “the curves are not
.Hthuantitatively identical.. In all that follows, we shall describe resultS-;;h

’»fbr edge dislocation dlpOleS in the equilibrium configuration, realiZing J
. that these results will also be qualitatively valid for the other dipole ;2;;**jfpﬂ

S configurations

: & vacancy edge dislocation dipole of 20 Burgers spac1ng (X, = lOb) at
f-various depths in & crystal oriented at the exact Bragg angle. Figures lc,la;j={fl

.;>9 and 10 are lmages for an interstitial edge dislocation diPole; with all kli;ﬁiil,
' other conditions unchanged from the above. Figures 7(c) and_<h),jand. S .

t;l48(0):and.(h) show the depth symmetry properties previously dé;éribed_ ,3 7ffé“ffp>@,y

'.AVAt W = 0, the distinctive difference inpepparent widths, i.e.;‘insi@e ::'f°::f

Hi occur.‘ Nhrrow dipoles such as these also show alternating contrast,vti ij
i-isimilar to that observed with’ single dislocations (Fig. h) The - 4‘i21?;7
ﬁ;,strongest black~vwhite image is at a depth of one—half extinction distance.-ltv
‘Intens1t1es of the black-whiteiimage are weaker‘for_dipoles further from B

| .vthe lsurface.‘ The symr_netry of tne vstrongest blac,k-white,vi.msg‘_e is such

" that, in da.rk-field’at W =0, “the black side is towards positive g for

) 5vacancy dipoles, the white side is towards posxtive g for interstitial
”T{fvdipoles. The rule is exactly the reverse of that described by Ashby and tgf-
_”ri Brown,lu but the reason for the difference is easily understood. Ashby-‘.;'
‘VT__and Brown treated dark—field images of loops that actually intersected e

~ the f01l‘surface. Thus, their computed profiles were really those of,?f'j

. ‘?-]..9— -

if the. two edge dislocations are taken in their equilibrium configurations, “]}27jiis

II-2.2 Effect of Dipole Depth

Figures 7 and 8 are the bright- and dark-field images (]Nl = 2) for -

Ko

and outside contrast, present under kinematical conditions,,does not

single edge dislocations (see Fig. 12 of Ashby and Brown ) ' For




"'4‘{?420?2”

“fi-exanple, an interstitial loop intersecting the uppervsurface of 8 foil
‘can be represented by a. single edge dislocation near that surface, With
:its extra half-plane closer to the upper surface.‘ If the interstitial
;Jloop intersects the lower surface, the Sign of the dislocation is reversed
and the extra half-plane is towards‘the lower surface.' It can be deduced
in from Fig. 6 that both these configurations have the same black-white f?*if
T'v:; orientations, irrespective of which surface is intersected by the loop.j
Ai; As the pOSition of the Single dislocation representing the lOOp comes fi~
(;_closer than about one-quarter of an extinction distance from the surface'”

.an intense black-white image ("anomalously" Wide image) results.v Ashby
; 'and Brown suggested that lOOpS and incluSions intersecting the surface could

be detected by the presence of an anomalously wide image the-criterion.i
“g of the image orientation could then be applied to determine the nature:fi

"~ of the loqp orvinclusion. In the dipole case, because both dislocations

i are in the fOil, it is not the innermost dislocation that determines the

" black-white orientation, but rather the dislocation nearest the surface
" For any dipole, this latter dislocation has opposite Sign and hence
anppOSite diffracting properties than the Single diélocation that would
'-represent the dipole contrast if the dipole intersected the surface.._j

”Also note that as. the dipole nears the surface, there is ‘no anomalouslv
L wide black-white image but rather one that gradua.lly diminishes in
- intenSity anthe surface is approached. Although one could, in principle,‘
;:determine the nature of a dipole lying very close to the surface, it isgiif
[aconSidered;nore reliable to study‘thin sections in which dipoles inter-{

”ﬁlf sect a surface at & very small angle, such as sections prepared parallel

to an active slip plane.: Because there will be difference in length of

'

the component dislocations of a dipole intersecting & surface, the innermost




”f—those occurring in Figs. 7T and 9, respectively) except for the fact that

| 'fpa lower intensity. In Fig. ll, the configuration of the vacancy dipole ? 3
“is such that outslde contrast is obtained, i.e., the respective images
N of the dislocations lie outside'the actual p0s1tions of the dlSlOC&thhS.E;f4ﬁ
i. The 1nterst1t1al dipole images in Fig. 12 exhibit ins1de contrast.i The,'
;“complex variation of the W =1 dipole images wrth depth is not 1mportant dﬁtﬁf‘
I'ijhe chief feature is that a. deV1ation as small as. W l grves the inside R TS
1and outside contrast behav1or calculated by Wilkens
A'i'theory. It should be further noted that Figs. ll and 12 represent val%es ;;w
v»,of the product 2X W equal to 0.08 whereas Wilkens presented curves for"&t
;ib%i;values down to only 0. 25. According to his calculations, the diffracted
l*;inten51ty should be almost zero at 0.08 The images in Fig._12 would_
iz‘all appear as a single daxrk line., The images 1n Fig. ll show that,
- 75’princ1ple, the d:pole should appear as two fainter dark lines whether
‘i:or not the region of increased transmission between the two images would

vLiHin fact be resolvable cannot be dec1ded on the basis of these calculationsgc

'°L5;_alone, as other experimental conditions would be the determining factors

;V.‘for which the image is either symmetrlc or asymmetric (see Figs. T o

- P

ol - .

dislocation'can,easily-be selected and the Ashby-Brownﬂcriterion epplied

to,it. This possibility will be;discussed further in the experimental

section.

II-2. 3 :Transition to'Depth-Independent One-Sided Contrast

Flgures 11 and 12 are dipole images under Similar conditions to f

'3Lthese images are representative of a crystal dev1ated from the Bragg angle f5;i;‘;hf

. such that W = 1. The dark—field profiles (not shown) are similar but of

3

from the kinematical}f'”x

0

",

II-2 h Effect of Dipole Spac1ng “ff°

It 1s necessary to note that there are depth positions of the dipol'



'15fthrough ll) Only the symmetrlc 1mage case shall be dlscussed 1n detail;
ff:lFrom the propertles of images of s1ngle dlslocatlons located at equal

5vﬂ,dlstances from the f01l center (see Fig. 6), dlpoles whose geometrical

ii¥center comncldes w1th the foml center should have symmetrlcal brlght-fleld
L':lmages and asymmetrlcal dark-fleld lmages. Thls 1s 1ndeed the calculated
;;result as can,be seen in Flg. 15, Whlch shows the N l dynamical lmagesbé}
ivf?uof vacancy edge dlslocatlon dlpOleS of 10, 20 _and 50 Burgers VeCtorS spacing
:.f?;?s1tuated at the £6il center.; If the dipole is moved Htg from the f°1l .
':rfi_center; the brlght fleld image becomes asymmetrlc and the dark-fleld
”i:fklﬁj;f{symmetric (see Figs. T through ll) The brlght-fleld proflles for an |
hvii:a 1nterst1t1al dipole under the condltions of Fig. 15 are 1dent1cal to ther
:vacancy proflles for the two narrower dlpoles and almost 1dentlcal for
'%athe W1dest dlpole, the dark fleld proflles have reversed asymmetry, 1.e.,
yjathey are . reflectlons of the vacancy dark-field proflles about the llneii
4aﬁ;X =0. Flgure lh presents results for the N.= 2 case, and is otherwise
’liﬁanalogous to Flg. 13 except that an addmtional set of proflles, corre:
.Tilispondlng to a dlpole w1th a spacing of". lOO Burgers vectors has been
tlncluded._ Flgures l5 and 16 are brlght- and dark-fleld proflles, for

?the N = 2 case, of centrally locateddlnterstltlal edge dlslocatlon ff
» ,__'z:.dlpoles of spacmgs, ax 6 10 20, ho 50, 60 and 100 Burgers vectors’“
| Severalistatements can be made on- the basxs of the calculationsjfffL
1presented in Figs. 13 through 16 The 1mages of vacancy and lnter—;i
istltlal dlpoles of the same spac1ng and located at the fbil center o
gessentlally are 1dent1cal 1n the limlt of narrow dipole spacings for
1both N. l and N = 2 By a spa01ng of 50 Burgers vectors, a sllght
_dlfference in apparent Wldth of these two klnds of dlpole becomesf

3ﬂi,not1ceable. “This w1dth dlfference lS assoclated with the onset of,
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”i_indenendent imageiprobertiesfof'the two,cOmponent dislocations of'thef-'r
?g dipole. Also, for all spacings the contrast in the region in the_ o
- interior, of the dipole differs slightly'between vacancy and 1nterstitial

- types for the N = 2 case. However,-this latter difference probably :

 is not experimentally ohservable. Thus, when observed under dynamicaliat

conditions, narrow dipoles do not‘exhibit_inside'or outside contrast.

. Because this is true, the way in which a’dynamical image of a narrow

: dipole changes as the dipole spacing decreases depends only upon whether

4

f. the image is symmetrical or o asymmetrical, i.e., only on its depth in

'”‘ﬁﬂjisolated Single dislocation at the same depth For N 2 as “the diPGie .

"It is expected that asymmetrlcal images, conSisting of a strong and a ,'ﬁf;{?;‘;,Qf

' foil. It does not depend, as Wilkens found for kinematical images, on’ ?gfﬁ;ffgiﬁ;

.whether the dipole exhibits-lnsidevor outside‘contrast, as this dist1DCf ' {

’ “tion does not exist for'dynamicai‘images of naxrxow dipoies; |

| As the dipole spacing decreases, ‘there is a difference in‘behavior 17f~14itfﬁa7

'f;:of the intensity minima of symmetric dynamical images according to .
ﬁwhether N=21orN=2, For N = 1, the depth of the intenSity minima

o continuously decrease, with decrea51ng dipole. spacing, from that of an gf“

vv‘spac1ng decreases, the depth of intenSity minima flrst increases above
qf‘that of an isolated single dislocation, reaches an extreme value at

-; about 4o to 50 Burgers vectors spacing, then continuously decreases. ,"1’

: L - o vl

";f weak intenSity minima, behave similarly to symmetric images. The nrimary: }«v'“‘

. difference is that .as the dipole spacing 1ncreases, the strong image

'*v returns to the intensity representative of an isolated smngle dislocationf,i
first, fbllowed by the weak image. 2
| Because images formed w1th N = 2 reflections are. more intense at

’ all spacings less than about 50 Burgers vectors, utilization of N = 2 !



e

)

17rather than N f l reflections is more favorable fbr 1maging dlpoles 1n

{'the llmlt of decreas1ng dlpole spaclng.“ On the basis of the calculated

curves it lS estlmated that at W O, a’ centrally located dipole of lO

ff;;:vBurgers vectors spaclng should just be v1s1ble for N = for N = 2 the
'tfﬁ;; value is 6 Burgers vectors. These values do not hold for & dioole lylng
.Uavery close to a. surface. Flgures lT and 18 1llustrate -the- effect of :
;idlpole spaclng for a.vacancy or 1nterst1t1al dlpole, respectlvely, lylngft
| %5 from the upper surface. The left-hand column 1s calculated for f'
::W = O the rlght«hand column for W 1.o.f Only brlght~f1eld 1mages are :

4

'ilncluded because, in the former case, the dark-fleld 1mages are 1dent1cal

ﬁ:fto those shown and, in the latter case, the dark-fleld lmages are very
h.aigweak. The W = l.O curves represent values of the parameter 2X, W = O Oh
'iftﬁf?o 08 and O. 2 respectlvely; It 1s dlfflcult to lmaglne the W = l O 1mage
””t?Flg. 18(C) 1ncrea51ng in, 1ntens1ty, although accordlng to Wilkens, if
‘«iW~_ 2. o the dlffracted 1ntens1ty would quadruple.“ It is. obvmous,‘:
vihowever, that in’ the llmlt of narrow dlpole spacmngs,-1n51de contrast;
;should be more v13able than outs1de contrast. The curves also show that
.xfat 8. dlpole spaclng as large as. 50 Burgers vectors, for N ; 2 insmde .wf
ttfcontrast produces an 1ntense 51ngle 1mage, whlle outs1de contrast ylelds
,Q?a resolvable pair of xmages.. Finally, the strongly asymmetrlc,W 0 j#iv
é;vacancy and 1nterstitial images are samllar only et the narrowest dlpole
fispaclngs because of the prox1mity of the surface. - B |
\ II—2 5 Effect of Bragg Angle Dev1ation on. Dark-Field Images
The dlscuss1on of the dlpole calculatlons w1ll be concluded with a
.rlfhcons1deratlon of the effect of Bragg angle dev1atlon ‘on the computed V~53:

wfi_dlpole images. Thls segmen’c °f the °alculati°ns is partlcularly

;"Vlrelevant to any dlscus31on of Ashby-Brown technlques, because it has .

3 : L ! - * S . - i
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aluays been assumed that the validity of the technique uas'unaffected by.’

of dark-field observatlons for- investigating strain contrast and the
i_'fact that the contrast produced by deViations of equal magnitude but
'_opposlte sense can.only be compared in-dark-field, we shall restrict o

fiourselves to this mode of operationu- Concerning bright—field images it 3

1 from the Bragg angle becomes 51gn1f1cantly negative. ThlS point is flvd:v'i?tliaﬁ
;illustrated in Fig. 19, wvhich portrays 1mages of an 1nterst1t1al dipole H,' DUER
.of 10 Burgers. vector spacing at a depth of l extinction distance from
.w}77ithe upper foil surface. = Both the- brlght-field background 1nten51ty and .
'sthe bright- field image inten31ty decrease as W‘becomes 1ncreas1ngly |
7negat1ve. The lower graphs, Flg. 19(e) represent the devration :
xf of W é»-0.50. The dark field background 1ntensity is the same at either

- %W, whatever thevvalue of W;.however, it can be seen_from Fig. 19 thatirfjif3hﬁ

‘ﬂ;positiye. This property is 8 general one for defects near the upper
. 'Jj”surface of a fbil, and was noted previously in connection With the 51nglegf
‘f"~dislocation imeges in Fig. 3. If the deviation 1s changed to W= -l.O, o

a reversal ofvthe black-white orientation occurs in the dark-field

Burgers vectors spacing. The left column is for the dipole at .a depth

the middle row and 1.0 for the lower row. The W = l.O images would be

’i':essentially inv181ble in dark-field, but the W ='-l.0 Images would appearpﬂ,

25m v.—

i e i

a small deviation from the Bragg angle.'-BecauSe of the greateruutilityp«;

is sufficient to note that they always becan@ very weak 1f the dev1atlon ‘

¢

the'dark-field image intensity'is stronger for W negative'than'for W‘ #

images. Figure 20 shows the reversal for an interstitial dipole of 20

- of one-half extlnction distance; the right column is for a depth of 1

extinction dlstance. The values of W are -l.O for the upper row, O for «_fi

bright. Note also that if the dipole is at a depth of one-half extinction . .
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“ﬁf{;dlstance, the whlte lnage does not change s*oeo‘as the crystal 1s dev1ated

?fln the dlrectlon ol negatlve W.: Thus we obtaln a sort of ﬁlnenatlcal one-f
is1ded 1mage, 1f the Bragg angle dev1atlon 1s large enough ThlS behavmor::
-1s analogous to . the tran31tlon from alternatlng to one s1ded contrast

ﬁ:that occurs for both slngle dlslocations and narrow dlpoles 1n brlght

;:fIEld. Dlpoles and 31ngle dlslocatlons at depths greater than l extinctlon

3-dlstance dlsplay 1ncrea51ngly weaker whlte 1mages. Flgure 21 shows the ;{
..:!;calculated darx-fleld 1mages of a vacancy d1p01e of 20 Burgers vectors ;;-3
h'sfspac1nga The images for W= =l.O are not s1mple blacx—white 1mages. Thus,
g-;;'no attempt w1ll be made at formulatlng a general rule about the shlft of 5

{V,a black-whlte straln lmage.- we shall only remark that there are defect

'ﬂgtdepths near the forl surface where a dark-fleld black-whlte 1mage orlen;;
’tatlon may reverse ltself as‘the dev1atlon from the Bragg angle is 1n—jp
'::5creased It is true, however, ‘that due to the decreased background
':sfpilnten51ty at W —v—l.O the reversed Aimage would probably appear almost.'
;icompletely whlte, rather than black—whlte.bl .
Flgures 20 and 21, w1th some modlflcation, also are valid'for

dlpoles near the lower surface of a thln f01l.' Let the left and rlght

Alcolumns of each flgure represent depths of one—half and l extlnctlon

,Phgidlstances from the lower surface. Calculations made for s1ngle dlSl°éa;jfibr

i;tlons and dlpoles at these p031tlons show that the whlte image persxsts
.';iwar W p0sitive and dis&pPEarspfor W negative. ~The upper row in thesejcif;
‘}:fflgures now represents W ; l.O the mlddle row, 'W O,vand the lower | |
/"‘?ngrow, W = -l O._ ‘The calculatlons also show that Flgs. 20 ‘and 21 are .

:”‘exactly 1dent1cal to the images of vacancy and 1nterst1t1al dlpoles,

B respectlvely, at the depths mentloned, if the 1mages are reflected about

'fv X'= O, i.e., X -s»x;_ The same,results holds for the dlpoleuorlentatlon '.‘




' _|W|> l defects near the upper surface are imaged strongly only for
‘W negative, and defects near the lower surface only for W positive. iﬂ. f.-flf”fﬁ ok

¢
a Kinematical tneory Without absorption predicts that images should be of . ;’:Jr;;

"'deviation. Because the values of W are large enough S0 that the klne- :
"k:;matical theory should otherw1se reproduce, at least qualitatively, the
.same features as.the dynamlcal theory, it is essential to’ ascribe the

:'.dlfference in calculated'results-to the one factor that the dynamical -

equations alone take into account, namely anomalous absorption.
‘a depth n in a foil of thickness D at a Bragg angle deViation -W, is the ”}f:fj“;”ﬂfg
3'the same orientation at D-q w1th the Bragg angle deviation +W. This rule :

J-illustrated by Fig. 6. Figures 8(h) and 10(c) representing the .
”7,; equillbrium dipole orientation, are further examples. The analogous

bright-fleld symmetry law is that the image of a dipole at?]: in a cry_"j,q“"*‘

t relations ‘hold for Single defects, but these are s1mpler since the :'. L
L important 1att1ce tilts (B functions) are usually either even or odd
';f functions. In the case of an edge_dipole in the equllibrium orientation,f»vf'? K

- the B function is neither pure odd nor pure even overralliits domain, so

- =2T=
with the component  dislocations one-above'the.other,.i

“ -

We may conclude two facts'about dark-field images._ First, for

equal intenSity for a_glven valuevof W, irrespective of the sense of then «F:;f'i-;.j

o)

 Second, the dark-field image of a vacancy (interStitial):dipole at‘ffs;j.,j{.,i

flection (X = X) of ‘the image of an ‘interstitial (vacancy) dipole of et

crcds a generalization of the W = 0 symmetry law described prev1ously and-”-ljig,?fvf? ;

4

- stal w1th Bragg angle dev1ation parameter, W, is the reflection (x - -X) ;;;f5f;?fg;;

'.';; of the image of the same dipole at D-n, where D is the foil thickness..:'ﬁjﬁ

_ The occurrence of image depth symmetry properties for crystals not

at the Bragg angle is somewhat unexpected, but not unreasonable.‘ Similar1 -
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—_that thevsynmetryfrelations:are more}complicated."

Comparison of Calculatlons w1th Experlmentally Observable Images

- In the precedlng sectlon, the results of calculations were presentedq

'h w1thout regard to poss1ble appllcation. In this sectlon, however, there»a
are two definite goals' first, to establish the rellablllty of the . .
L{;,;Calculations,;and'second)'to-point-up uSeful‘appllcatlons that mayjbe‘d"
‘f;g?derived from them. | | | |

| In order'to attain the'first goal, it wa.s necessary to.standardlaeﬁf‘
‘:;:f not only the parameters of the dynamlcal equatlons, but also all exper1;3
“mental condltlons that could poss1bly cause amblguous 1nterpretatlons;.%v“
Slngle crystal speclmens were prepared from (llO} sllp plane sectlons

"”'gs'gvthat had been dlamond-sawed from deformed magne51um oxide crystals (see»@

Chapter 2 for detalls of spec1men preparation) The change in the imagev_

{ff of a llne defect w1th depth in g thln f011 occurs very gradually in the‘;

ifdi:fi Sllp plane section geometry'because the defects are almost parallel to o
s b.the forl surface. Thms feature 51mpllf1es the correlatlon of experimentw
; with theory. Durlng examlnatlon in the electron mlcroscope, the speclmen;
Jpwere always orlented such that the {220} planes were the only strongly ‘
'_ diffractlng planes, thus, av"two beam 31tuatlon for whlch g . b %;2¥i fg
ij always obtained.i h | - |

l Befbre consrderlng poss1ble applicatlons, we must first list the'
important features of klnematical or dynamical images. Then we shall‘
l-av treat such questlons as how to distlngulsh between a s1ngle dlslocatlon
; and a narrow dlpole, how to determlne the nature of a dlpole and how to

P P

"75j determlne whlch surface a llne defect lies closer to.:':

L Kinematical Diffraction Conditions

When looking at the general features of a dislocationpsubstructure;'




e -

it is prefersble to w'o'rki in bright field with W %' 1. Int.thi.'s ey, the

transmitted intens1ty lS maximized 2 also, resolution is increased

because of the smaller kinematical image Widths relative to dynamical

Images. Finally, one is then able to apply confidently the kinematical

 theorem of one-sided contrast. As an example, Fig. 22 shows & 1ong Wideb‘_;'

B dipole in a crystal deformed at lOOO C.- By changing the sense of the |

diffraction vector, the dipole contrast, changes from lnSlde to outside.-?

Close examlnation of the component images shows another feature predicted

by the kinematical theoryl when g - b 2 and observed'for W >'l. The = tgigifj ;

image profiles are not symmetric, but have a’ rather diffuse tail on one-.'

- side. The diffuse Slde of the image is always on: the side away from the = i

‘This property permits one to differentiate‘

» actual dislocation posrtion._

l between inside and outs1de contrast if only one micrograph is available,?'

)

f provided the component dislocations are resolved.

There are two equilibrium configurations.fbr'edge and'near edge‘

.;l orientation dipoles and there are two types of dipole, vacancy and

interstitial, making a total of four possibilities. Determination of _
:7 whether the dipole is outside or. inside contrast and correlatlng that ifg%‘
o fact with the sense of the diffraction vector allOWS one to eliminate'_t”

"f two of the four poss1bilities.i Unfortunately; of the two remaining

‘ chOices, one will always be a vacancy dipole and the other an intersti-vQ}'

© tial one. ,Thus, the type of dipole cannot be determined from the know-

ledge of whether the dipole is in outSide or inside contrast alone. ,

}
i

"5: IT Dynamical Diffraction'ConditiOns

AR As convenient as’ bright-field observations are. to make, dark-fieldﬂ

observations at W = O usually mst. be relied upon to supply quantitative

. information, When W = O, dipoles near a surface should exhibit an |




| .?;galternating contrast in both bright- and dark-field (see Figs. 7 through

vcd,lO). Figure 23 shows a dynamical (bright field) and kinematical image

hiti conditions. The dipole runs out of the fOil the difference in length
ff:f{of the component dislocations is accentuated because the end of the."
i.“!jihdlpole that intersects the surface runs perpendicular to the thickness -
“ﬁifgradient, as can be seen from the equal thickness fringes._ The slip I

"Tt.'plane of the dipole is, Within a few degrees, the plane of the fOil

" the wedge angle of the foil edge. Because the fOil increases in thicknessf

;d5d=l extinction distance between like thickness fringes, the drpole changes o
»f'_fringes. As can be seen. from Figs. 8 and lO a change in depth of one-“u

%: reverse its orientation.' It is indeed observed that the black-white )
S orientation reverses between like thickness fringes. Although the dipole

'.3_calculations upon which Figs. 8 and 10 are based were carried out for a

*“'dipole shown in Fig. 24 renges in thickness from 3 to 6 extinction

: '»'orientations, irrespective of the thickness of the foil that contains

.
AT

.

-

‘;lof a dipole in a <1ll> slip plane section of copper.v the also the Jfaf
intensity discontinuity across the long Single dislocation in the kine-
‘~fdmatical micrograph Figure 24'18 of a long dipole in magnesium oxidewas:

g;'Viewed under both kinematical bright field and dynamical dark-field f;h?“

3fﬂsurface- It is therefore reasonable to assume that the slip plane bisectsi

its depth from the surface by one-half extinction distance between like
'half extinction distance causes the black-white image of a dipole to
:”i;fOil of 6 extinction distances thickness, and the volume enclOSing the fﬁ
T distances, the depth periodicity prOperty of images in the dynamical
"i7theory Justifies the comparison. Images of identical defects that

-are like distances from a surface have identical black—white image

: them, ‘as long as. the foil is thick enough for anomalous absorption



.-
-

. effects . to be'impor‘tan‘t.,l

TTT  Differentiation Between a Narrow Dipole and a Single Dislocation' e

Figure 25 of 8 specimen deformed at room temperature shows several

- dipoles of such narrow spacing that they appear as a Single dark line. _U_fp:f,;"“
.It is often necessary to trace a dipoleva great distance_before ther
‘l‘two component dislocations are resolvable, if ever, Frequently) the
:7 ivery long dipoles intersect a surface and then it is quite easy to .
—distinguish a dipole from 8 Single dislocation. In the case that_an .
o image appears,as 8 singleAdark line'over all of itspvisible length,"thett't:.
'osense of the diffractionvtector shouldbbe reversed (and W kept positive> ‘
in bright-field) in order to determine whether the originalrimage.was :’
a single dislocation or s dipole in inside.contrast., A very narrow f
8 dipole, e.g., < 20-Burgers uectors spacing, in outside contrast will’ J

g usually not'have resolvable images either.: However, in changing from { :

inside to outside contrast or vice versa, there should be a change in

imege intenSity; This will riot occur for a Single dislocation.

A further method for differentiating between dipoles and single

dislocations 'is based on the difference in background intensity that

’occurs on either: side of a Single dislocation. As has been mentioned
i: previously, this contrast discontinuity applies to screw as well as to :
’ } edge dislocations, and is not associated with the bending introduced by',.i_ffi;:;
E the latter. In fact, very few single edge dislocations can be seen in. . -

"+ the magnesium oxide slip plane sections, the single dislocations are fi”'“’?ﬁ"’”

o

trate the contrast aiscontinuities across single dislocations. Low ‘
"~':and ’.I‘urka1022 also have several examples. of these discontinuities in

'their paper on Fe-3% Si. This technique is quite useful when the dipole

RS EE U VIS U

,Predominately of screw character, Figures 5 and 12 in Chapter 2 illus- u}ﬁ'{t?"”5"




‘”spac1ng is small enough that a dipole mlght be confused wrth a 51ngle'

";dlslocatlon. There is, of course,Ano contrast discontinulty across a

'5Q?} narrow dlpole. The presence of a contrast dlscontlnulty 1s cons1dered
h3Q proof of a single dlslocatlon, but the absence of such a dlscontinulty
. is not always proof of a dlpole._ The only other restrlction to this
r J'technlque 1s that 1t requires Sllp plane sections so that 1ong si ngle
»Qtdlslocatlons are avallable, the etfect is masked if the s1ngle dlslocatlons:
‘tjrun obllquely through the foll. g ’
| The observed asymmetry of s1ngle dlslocatlon 1mages when N 2 is _*
not present for narrow dlpoles. Thus, a dlnole in 1ns1de contrast shouid
:ih;have a relatlvely dlstlnct image‘WLdth with no asymmetrical tail on one;T
uc?hf:s1de or the other. If the dlpole spac1ng is too narrow, the weakness ZA;
*L??}iof the image may make it dlfflcult o determlne whether an asymmetricalx>
'f?c;image is present. In the case of very narrow dipoles, however, it is ,Q
?';tutheir weak 1mage that may be used to distlnguish them.from s1ngle dlSlO-
”"ﬁf:catlons. The many very falnt 1mages in Flg. 25 and Flg- 5 in Chapter
’fvare short dlpoles of spacrng narrow enough that thelr lmages are rela-_ﬁ
o tlvely much weaker than the. single dislocatlon 1mages.present._ Flgure
'hidfé;26 a dark-fleld macrograph taken at W= O, shows that the very narnaw:;ﬂ
'h:dlpoles, partlcularly in the vlcinlty of the micron marker,vare more-iig
;'5i:percept1ble here than under normal brlght fleld conditions (compare L
.}!f:E,Flg. T in Chapter 2 w whlch shows the same area as viewed in brlght-field)
?Qf This enhanced v1sibility of weak strain flelds, e. g., narrow dlpoles,
.‘1s a result of the greater inten51ty of dynamical images relatlve to-
tpoaklnematlcal images..‘

Besides changlng the sense of the operating dlffractlon vector,

to change from 1nsmde contrast to.outside or vice versa, the kinematlcal

f'..*.-‘




L .accomplish the same thing. This latter technique is not feasible in-

,.:41 possibility on & narrow dipole. The frame with the scale marker is a -"~Tuj:f,f7;

if,anomalous absorption; There is some activity on the {110} slip plane

ﬂi'screw dislocations, the orientation of their black-white image reverses

'-[l,type of a dipole that intersects a surface. Techniques (A) and (B) of ”f.

~33=

theory predicts that changing ‘the sign of the Bragg angle’deviation willvv

li bright field; furthermore the curves of Figs._20 and 21 show that it is
:, also not applicable to dark-field images in crystals with strong anomalousi .,.;k; 8
.iabsorptlon' However, if hlgh order reflections are utilized, and regions R
less than sbout 2 or 3 extinction distances in thickness are examined, it ‘ﬂfx'*'

is possible to utilize both senses of W Figure 27'illustrates,this__ ' 4:_;'L~Tj~§

';bright field image (W >»O), and the rest are dark-field images with a 32

. diffraction vector opp031te to ‘that used to obtain the bright-field ' i V;_pdf';;ﬁ‘

3fimage. The dipole spacing is of the order of 50 Burgers vectors, but -

"tapers to .a smaller spacing towards its end. The image intenSities .are

equivalent for both W < O and W >-O'indicating the absence of strong

:;normal to the foil surface. At E in Fig. 27 there are a few end-on »ﬂfr ,;jﬁ

B as the sign of W is<changed. This is in contradiction to the predictions-,ﬂ
rf°f Tunstall, et al.,25 bUt again the discrepancy Probably is related to :Cli

" the lack of anomalous absorption.

v Determination of the Nature of a Dipole .

Appendix iz contains various schemes for the determination of the ;;”

ﬁf.Appendix I both indicate that the long dipole of Fig. 2h is of the
L;vacancy type. The white side of the black-white image of the innermostff?
B dislocation is towards the direction of g, indicating a vacancy dipole

lh:- ’by'method (A) The kinematical image is one of a dipole in outside o

contrast, and the Similarity of the black—white image orientations in T;V f

i ro . . . - . ' . ¢ . N
! . . . . . T I - . . . . R



K “-Again, a vacancy dlpole is: the only p0531bllty accordlng to scheme (B)

"?[ dark field, Jdts brlght -fleld lmage seems to 1nd1cate that lt lies very;f

;ﬁﬁfu determlnlng it is avallable. " The reversal of the black-whlte 1mage

‘Hffb-lS the reverse of that of the 1nnermost s1ngle segment, where the latth

15i»%dipole or dislocatlon 1s often useful when performlng quantltatlve dlffrac-

e

e brlght and dark fleld 1nd1cate the dlpole 1ntersects the upper surface.cﬁﬁifﬂ
'PvThe short: dlpole at A in Flg. 2h has a very strong black—whlte 1mage 1ni;iﬂ

Aht.close to the surface but does not 1ntersect it. . For a. dlpole lying at;'l

& depth one-half extlnctlon dlstance from elther surface viewed “in dark?;ﬁ

'} ”field, the AshbyuBrown image‘orlentatlon_crlterlon is-reversedgv‘Thus wefg
‘::draW'the conclusion thatrthe dipole at Alin Flg. 2k ls of the.vacancv ;
'ftype. This partlcular result is subject to the crlticlsm that it is

‘_based on clrcumstantlal ev1dence, i, e., the exact depth of the dipole has;

been deduced only from the intenslty of its image as no dlrect way of

'°or1entatlon crlterlon, however, is a genulne effect Note that the '

' orientation of .the flrst black-white 1mage of the long dipole in‘Fig.

'f%5 intersects the foil surface.v'v

v Determlnatlon of Which Surface a Line Defect Lie Closer To

 The ablllty to dlstlnguish whlch surface 1s 1ntersected by a

li7tlon experiments. The standard method has been by comparison of brlght-zld?

‘“«f and dark—fleld 1mages.21 ‘Without anomalous absorptlon, brlght— and dark— 7g¢ sl”,f

' :fleld 1mages would always be complementary. Under the’lnfluence of
‘:Afabsorptlon, defect 1mages in bright- and dark-fleld are. 1dent1cal at ',_f;f

"the upper“éurface and opposite at the'lower surface. In order to differ-;f

~entiate between surfaces by this method, at least two micrographs and a
"diffraction pattern are always necessary. In addltlon, it 1s rather

, inconvenlent to alternate between bright and dark fleld if the electron v{}.[ﬁ{w



gun tilt technique is‘used'for ‘the latter; | With the results mdicated

by Figs. 19 through 21, it should be possmble to perform all experiments f}afﬂ

bu'in dark field. Bright-field micrographs may be taken subsequently as a 8
ri_ﬂ;check of the conSistency of the experimental concluSions. "As an example,-Tv~
"'.tscheme (C) of Appendix II may'be altered so that bright-field micrographs;d"‘

7are unnecessary;

: 1illustrates the effect predicted by the calculatlons of Figs. 19 through f_
'214 ‘The bright field micrograph (lower right) was taken with 8 diffrac-‘slt
‘tion vector Opp051te in 51gn to that used for the three dark-field i R

:rVimicrographs (denoted by ‘the’ direction of the arrow on the micron marker) i

::ﬁ;e"he mlcrographs for W< O and W > 0 are generally complementary, defects iin“?

-that appear in good contrast in one, are weak in the other.. Defects that{rig

e hintersected a surface, as indicated by the presence of an anomalous image,.
»calculations were made, it is expected.that centrally'located'defects
3fwould be equally visible in both W < Oand W>0 micrographs., However, ‘]_U

":f,in this case, the image intensmty should be very'much lower than a

‘7 There are a few dislocations, notably in the upper right-hand corner,'

vbetween w<o and W > 0 dark-fleld images., Only ln the thicker regionshfnb

: of these specimens is a difference in the image intensities apparent.

«_’35_

Flgure 28 a magnesium oxide specimen defbrmed at room temperature,'

oo

'g_always are well lmaged in only one of the “two micrographs. Although ng. o

2

Rt

' Pdefect in the proxmmlty of = surface under favorable imaging conditions.'f_ft

_ V thatvappear of equally-strong intensity in both micrographs. However,:l5j
o this region;of;the foil may be too thin for anomalous absorption “
. effects to be important. Figures 6 and 8'in‘Chapter 2 show that if the

| specimen 8 too thin, there may be very little difference in intensity e




;,”-Discussion T e R P I B

"I The Column ApprOXimation .

"itthe v1c1nity of the dislocation core. The usual Justificaeion put forth
“‘f;vis Simply the surpriSingly good agreement between theory and experiment ﬁ
.gpi;In making the column apprOXimation, it is assumed that the lateral o
lvariation of the lattice displacements is small across a unit columr
;-,f‘Because the lattice displacements caused by a dislocation used in B

':;diffractlon contrast calculations are derived from linear elasticity,:
”;ﬁ{frthey contain a %- divergence where r is the distance from the dislocation
Mcore._ Howie2l+ noted that it 1s only at distances close to a dislocation
- that the strain field varies rapidly enough to cause the scatterlng from

‘one branch of the dynamical dispersion surface to the other that is,
:T~;3necessary for diffraction contrast. It seems paradox1cal that the regions
4'<;iwhere the column approx1mation is weanest are ; the ones that theoretically

;“account for the observed contrast
-"‘Q approached proved that 1t was identical to the llmit of 61 That is to

R say, the inclusion of an infinite series of images to the strain field

' 'ffof a screw dislocation in an infinite medium dld not remove the singularity S

';that results from a proper treatment of the surfaces. The conclusion

;36—_7

The column apprOXimation, which is made in the development of both

the kinematical and dynamical theorles, cannot be formally justified in f

Examination of the Limit of 52 as the dislocation position was

- at the’ dislocation core.‘ The single image added to the infinite solid ji.f
1;ﬂfAedge dislocation strain field produced a s1milar result On the other :
’il':“fhand, 62 we.s proportional to exp(JT D/X) for large X as opposed to %f;if-;v‘

"for Bl. This_dependency accounts for the naryower dislocation image‘f -

“[fto be drawn is that addition of images in no way weakens or strengthens :iffﬁ'if,f[




r

the tails of tﬁe dipole stfain field, whexre the dependence;is as —%«

‘.tatively5;the kinematical theory (see Appendix III) predicts the

- position'of meximum scaﬁtered_intensity for N =2 willvbe'at either -

37

the column approximation because the strain field dependence in the
region where the column approximation is poorest is not changed.
The situation for the strain field of a dipole is somewhat more

complicated. Outside the dipole it may be shown that the strain field

'lic “where c'<<‘l for r close to the dislocation core. At a

goes as
-t

distanceklarge with respect to the dipole spacing, c approaches l. Inside

the dipole, the strain field varies as % close to either of the dislo-

.cations, and less rapidly between them. It is ohly important to note

that the column spproximation is no less valid near the dislocation

>positions of a dipole than near the core of a single dislocation. 1In '

r

- the value’of the straln field is already so small that the only thing

that possibly could be affected would be the width of the contrast

profile. This portion of the image is the least  informative and any

slight‘inaccuracy there‘would be of trivial consequence. In this regard, .

Ashby and Brown,lu in.computing images of inclusions, used displacement

fields that varied as —— outside the inclusion and still were eble to

5

X

"~ ecorrelate theilr calculated image widths with experimental results. Again

the inference is that the dynamical caiculatiohsvappear to be reliable

. even though the column approximation may be in question,

II  Transition from Kinematical to Dynamical Diffraction Conditions

The moét importaht result of this part of the investigation was the

determination that the limit of applicability of the kinematical theorem

. of one-sided contrast occurs for a value of W as low as 0.75. Quanti- =t o

X _, 1
oo W
€g .

{ .

the sign depending on the sign of the dislocation. The = " . . "



| 'hd, intensity maiimum is proportional to ;%Q‘. The movement of'an'edge distaf‘ﬁi
:‘location image towards the actual pOSition of the dislocation with in_LQ_‘f’
,sﬁ;ﬁ creasing W only can be seen in Fig 2 (g) where W= 3 indicating ‘that the}?

’ﬁfﬁabove formulae become valid for 2<W< 3 -

Ml‘jk only on the deviation from the Bragg angle, being inversely prOportional
.'“to it, the image position as calculated by the dynamical theory depends ;?7
| ii on both W and the depth of the dislocation in the fOil.' he can‘thus o
"ll construet this plcture of how the image position changes with W.. For
| ?hllarge W, the image is very close to the actual dislocation core, as pre-:iil¢”
k';jvgdicted by the kinematical theory. As W decreases, the image moves furtherwv
5 i{riaway, but reaches some maximum value, probably near the limits of validity ;
-nti;of the‘kinematical theory't As W tends to zero, the image position may
umove to the other side of the dislocation, crossing the core at some
"{ti,value of W'between 0 and 1 (see Fig, 2), it may move closer to the core,
‘f{remaining on the same side, or it may not move at all. The W 0 image
.;€,position depends solely on the depth of the dislocation in the foil.‘
';Furthermore, the W= O image positions for bright« and dark—field images
| 'iilwill'only be the same near the upper surface,21 whereas in the kinematical_
| treatment the bright- and. dark-field image positions always coincide for :
*,Lsi'all values of We In both. theories, the maximum distance the image of a,}:
:*; dislocation can be from the position of the. dislocation is proportional g
”7’flft0 N. / ) ‘ , R

'YIII, Kinematical Theory of Dipole”Contrast

.”kinematical theory as applied by Wilkens correctly predicts the qualitativ'”

y behavior of dlslocation dipole contrast, and in particular the occurrence.,

af:;38;,

Although in the kinematical theory the: position of the image dependsp

~ The present theoretical and experimental results have shown that the w




L .

dof outside and inside contrast, if the Bragg angle devietion,parametervic . v"“f_‘é

» greater than about 1. With respect to this transition to one-sided con-

.are incorrect in both cases for W< 3. As an extreme case, consider a.

'.low, but in fact,'the opposlte will be.true for W~ 1. This exemple

'indicates the inability of the kinematical fheory to deal with a strongly

- a sort of dynamical outside contrast. The reverse situation occurs for

v Dynamical Theory of Dipole Contrast

-39~
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trast, the kinematical theory is equally applicable to single dislocations
and dipoles. In the same way, the limitations of applicability of the
kinematical theory are quite the same for single dislocations and dipoles.

For example, the predicted diffracted intensities and image positions

narrow dipole'of fixed spacing, 2Xo, and decrease only the Bragg angle
deviation parameter, W, so that the product 2XOW decreases to O.l.

According to the kinematical theory, the scattered intensity would be very -

diffracting crystal. A second source of error might be the inaccuracies

~ in Image position as predicted by the kinematical theory The amount of
- mutual enhancement or cancellation of the component 1mages of a dipole

depends on the distance the images lie from the actual dislocation posi-

tions and from each other. When W is small, the kinematical images lle
quite far from the dislocatlons. In the dynamical reglon, the images
need no£ 1lie S0 far removed from their respective dislocations, so that-

ancellation may not be as complete vFigures 17 end 18 show caseés vhere ,

-the depth of the dipole is such that the dymamical and kinematical image

-sides do not coincide. Thus, for the interstitial dipoles with the largeot,

spacing, the W= 1.0 image is in inside contrast and the W= 0 image is in

! "

. the vacancy dipole..

The inherent limitation in applying the dynamical theory to experi- -~ = ..~

" nmental observetions of lattice defects‘ie that, becauee of-the strong




' ‘tdefect being studied is necessary.. One way to circumvent this problem is

v'ipj,a point of reference to study dynamical contrast effects, and has the
..,added advantage that images are usually strongest there. The only fact

”:"ﬂ:that then needs to be determined is which surface, upper or lower, the qff,

Lo

"";depth dependence of a dynamical 1mage, & nnowledge of the depth of the ;ifwﬂ'“

"?ato study defects that intersect the foil surface. This- technique provides

“t~fdefect intersected. Absorption effects allow the surfaces to be differ-;

ks

”'.entlated by a number of mechods, so that this remaining question provides jf;;k

. fjsurfaces\has been made by Bell.
'x_:fiDetails of Calculations) has a term involving the contribution of the"

:;jiﬂdiffracted beam to the uransmitted beam. A simple geometrical argument

."f:fracted from an adjacent diffracting plane and hence be converted to a-

1ﬂjibeam travelling parallel to the original transmitted beam. In the above

‘if;rand (h k z),; the diffracting plane. A similar argument can be made for,fj
u‘~fg.the lower surface. This situation arises because Howie and Whelan re-y‘
:’,placed the original difference equation by differential equations under

”“1Lthe approximation of a continuum of scatterers.. Bell thus reached the» E

”V%flocated at depths between Yy and D - y, where D is the foil thickness. -In

Clittle” difficulty._ As an app lication of these general considerations, the fﬁ'
""nature (interstitial or vacancy) of dipoles that intersect a foil Surfacevf.
can easily be determined o

One objection to the application of the dynamical equations near
25

Dynamical equation 1) (see section on

- *fshows that a beam diffracted at the upger surface must travel down into

2a o

‘the foll a distance ¥ = . - before 1t -can be redif-
| | N (@Rl ) , |

':tequation ag is the lattice constant, A is the wavelength of the electrons

-?p'conclusion that the dynamical theory of contrast only applies for defects'

e Eop S
.- the present work g = (220) and hence y is about 120 A or ——3— therefore,_gr;y'.‘lf,

’




")‘I'l—

“this effect is not very important. Also, using slip plane sections, the
‘dipole contrast can be followed up to the point where the contrast weakens,

and the image orientation critericn applied there; it is immaterial whether

the image disappears exactly at the surface or at a depth Y. - On the other
hand, if localized defects, such as small dislocation loops, are being

studled, the wncertainty of their depth with relation to y is an important

_ conSLderatlon 1n attempting to apply the dynamlcal theory.

A further result of the theoretical calculations is to prov1de a

seml~gquantitative limit on the visibility of very narrow dipoles. The

’

. strain functions used in the calculation were derived from linear elaéti~»~'

- city theory, so that the values obtained are probebly a lower limit. Due

to lattice relaxation, the strain fields arouﬁd‘dipoles.in real crystals

are expected-to be somewhat weaker than in an isotropic elastic medivm;

‘.this'difference would mean that, at e given spacing, the dipole image

‘would be somewhat weaker than is predicted. Finally, dark-field dynamical

A

,images are to be preferred over kinematical bright-field images when %}..
studying the dlstribution of narrow dipoles because of their relativelyv

- . greater 1ntens1ty when the dipole spacing is less than ho Burgers Vectors,__"”

T
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| APPENDIX I |
Strain Field FQrmhlae:-x» 37(;ﬁ;if};{;¥ff;“yiur
By (X;Z;ﬁ) = QET”” 5 = ) L ; . »iv:-.”'e;'h}fiji;j4fe-,(i;l)l:n
T . oy +(Z-T}) S e T E
B S sinh E;x VSin.%»z.sin.%v p
'32 (x,2,1,D) = 8D [ ) 2.1
- . (s1nh 2D X+sin® 2D(z-q))(s1nh 2Dx+31n 2D(z+q))
| R (12)
: S » : 2 N2 '
L . P .. - (z-q) 1 , , :
By, Gozn) =By + pTy [‘[z% (VP T R .(I‘” :
5 b, G, z,n> b hwen ., bx {(ﬁéﬁz‘-n‘)% ‘(x2+<z+ﬁ>2’)-]“
T a7 s +(zn)” 1 +(z40)°] bm(1-v) L +(.Z-n)2]2 [x +(Z+n)2]2
(I-u>
K ' : b ox (D—z) (D-n)
§ 5 (X: 2575 ) = = AR S
0 2 [ +(Z-n) 15 +(2D-n Z) 1 R

',;x - xa-('z..ﬁ‘)g ‘7 | -@D-;] Z) o
‘+_Mn(l-y).[ [X2+(Z-ﬂ)2]2 [x +(2D-n z) ] ] (I 5)

'_§ ': " The - egact treabment of ah edge dlslocatlon 1n a seml-lné;nlfevmedlum |
has yet another term in each of the dlsplacements, R and R . The sum of
che normal derlvatlves of these dlsplacements times: the approprlate con-
stants cancel the re31dual normal stress on the surface z %‘O., The-cross-."h;;;;;

! OR oR

| derlvatlves ’345 and —Bg are equal and opposite and hence do not con-

"ﬁftrlbute to the ‘shear stress. See Pfe1ffer26 for a more complete.dlscuss;oﬁ.f_f '
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- 'In any case, the additional term in the expression for 57 (or Blo).is

small even for single dislocations and completely neglectable for dipoles.

A more veluable inclusion for single edge dislocations would be the exact

treatment of both surfaces.
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- S AppmDe I EERS N
Methods for the Determination of the Nature'
“of & Dipole that.Intersectsha Foil Surface;{

The dipole should intersect the surface at as shallow an angle as
'ﬁﬁff possible,‘e Z.. . in a8 slip plane section, in order to maximize the difference

lengths of “the two component dislocations.._},z__.

'?5;i.j fExperimental Requirements '-5 :t 'rl;'ifw';ﬁf?¥ﬁ§'f

'5f_a. Dark~fileld micrograph (gun tilt, ’;‘o) and'signfof,g,from-
: diffractlon pattern. SR - s L I |

Dark-field micrographs forW <O and w > o. Anomaions _absorption®

"rfmust be present..J .ﬁ:ftfﬂi<,. ol SRR
;{;.Bright—field micrograph (W >-O) and sign of g from diffraction
l :pattern. v o ‘ ‘. RO ;“ p“
.;{;Ldthnowledge of whether dipole is in outside or inside contrastiiﬁ
?fél(c) Determined by changing the sign of g or W or by exaxdna ion
Vof dislocation image asymmetry (N = 2) for w > 1. The diffuse side';
lt:;of the image is always on the side away from the actual position
Z?Qrffof the dislocation.. o | é S ‘ | i
v “ﬁgie;:Supplementary bright-field micrographs and diffraction pattern '#ii;,
.‘f;f;i?;:taken with same g as in (c) after specimen has been tilted in a lufiﬁ;xfi S
in{-:knOWn direction through 8 large angle, e. g., 35 . This can be j?ii' .
.ieffected in a large tilt~angle goniometric stage, taking care to;ft{i
-«filbtiit about the perpendicular to the diffracting planes of (c) |

17t“In this way, constancy of diffraction conditions is obtained. { B

2
2. Technioues o vf, B R AP n';fff

- A. Use l(a) and Ashby-Brown criterion-* if white side of black~ :’
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white image is towards the direction of g, then the dipole is-Cf

a _ the vacancy type; if vice versa, then dipole is-of the interstitial ‘.,;

;féf_"-v;"" .-':' type. Use anomalous image of longer of the two dipole segments, e

. | i.e., the dislocation closer to foil center. - |

'B. Use 1(c) and 1 (&) to eliminate two of four pos;ible.dﬁpoie con- /.
figurations by application cf the kinematical theorem. Then, by
comparing 1(a) and 1(c), determine which surfece is intersected
by the dipole.' This comparison will eliminate one of the twofre-j

i maining dipole'configurations, since they have opposi®= 5eneee.

'One‘cf the senses will be censistent:miﬁh the dipole intereectingl.'
the upper surface, and the other)“with it intersecting the lower
surface. / ‘ _ ' ' , S

C. Seme as (B), but use l("b)’ ~*co determine which surface of the dipole__.f. L
intersects. | |

‘D. Use 1(c) and 1(d) as in (B). Then determine the sense of the

" dipole from the geometrical gshape change of the dipole observable Z-}"’

1

" in (e). The direction of rotetion must be known to do this. As

mentioned in (B) only one dipole configuration wlll be.consistent

In fact, if there is a high denslity of dlpolesvin a glven aree,fa '
' lafge number of determinations ma& be carried out in one operation.:
- .In magnesium oxide observed in {110} elip plane sections, the onlyii

coﬁvenient g 1s <@20>. Since g and b are exactly parallel in tﬁisvh

wall show only & decrease in length and no change In projected

' width. Thus, this technique requires, at least for the magnesium L

with change produced by the rotation. . Tedhnique D'has the.adven~’kfyﬁ€3[ %

_tage of not requiring the dipoles sampled to intersect the surface__e,.p~,,,

. orlentatlon, puxe edge dlpoles rotated about their Burgers vector ?f.\f__f



'fortuné.ﬁely,_‘ _“ck}ese' are available. |

‘oxide geometry u_sed,v aipoles with significant screw c};;aré.c.térsuv'::




'Th.is corresponds to replacing the original crystal with a semi-~Infinite-

=L7-

APPENDIX III

Derivetion of Kinematical Scattered Intensity for a Screw
" Dislocation (Infinite Body Strain Field) When N = 2.

This is the case treated by\Wilkens;B

Consgilder the kinematical diffracted intensityl'

' 2 . o ' B o, '
A= ;g__ﬂ Aof o 2migos R 2Mi8gZ az. (IIT-1)
g - | R

The screw dislécation is at the origin of coordinates in a foil of -

thickness D=2 1°

Lt ’ZE’ at a depth Z
Now, ) ‘
’ b -l z g
= e = -2
R=g— tan™ I - (I1I-2)
so that . v
2migR = igb tan™r Z = N tenn™t ,—-1-?- } 3
but,
, -1 D 1 a+Db %)
 Thus, ¢
' . N x + 1Z
2rr1gR =5 In [x — iZ.‘] ’ (I1I-5)
mx SN, -
and since e = X we have finally that
- Az o xro
N 1 2 w2ms:z | x -1z |2 L - ;
pt;: = A°'J-‘z e g [ — iZ'] az. - v,(III-6)

L

' We now 'change the limits of integration to move the origin to the

~ upper surfaée of the foil. The approximation of replacing the upi)er

Linit D by;"o'o-is also made, as was done in the original kinematical theory.li‘ '

IR

one, and ha.s the effect of eliminating any constant ba.clgground intensity. .
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ke

‘The resulting integral can be found in closed form by & routine contour . '

" “integration if N isveven;;“We’choose N =2, and*find

po imhg [T -emis,(2-7) (x - i(Z-Zl))d (Z~z y (III-'{)

£ X + 1(Z=Z )
g

The integrand has a simple pole at Z = Zl + ix in the upper half plane.

We can distinguish two cases, according to the sign of Sg. If,S‘g 1s

positive, we nust close the contour in the lower half planepin order that:

"the_contribution of the integfal along the semi-circular contour be zerop .
' in the limit ‘of |Z]|~«. However, there is no pole in the lower helf plane -

- amd therefore A = O. If S is negative, we must close the’ contour in the

upper half plane, and here A is non-zero. After computing the residue

we. have

A= <m er eerrsgx ‘D - ot A 3;-— e®™g*, 5<0.  (III-8) S

Do

The-Scattered intensity'is [Af, and isvequal_to o

hA ﬂh <. > hﬂs B .éé‘< O.‘i'-z<iII;é) -

B
¥

' . and occurs on X on’ one side of the dislocation, for a given value of S .-
The scattered intensity is zZero at. both x=0 and x = 0y and also hes a _i ;Z‘{fﬁix7
l“,,zero slope at these points. The - intensity maximum, which is usually takenj-\

vii'as the position of" the dislocation image, occurs at

" in terms of the dynamical deviation parameter, this is



The amplitude of the meximum is

22 <2 o S N A
. Aoﬂ € o o P : N
Loy —5— - . | R : (III-IQ)_Tv  
R T
If the sign of the dislocation is feversed,_ﬁhe exponentisl in’(III—9)
becomes negative end (III~10) and (III-ll)veaéh-change sign. The final
result is that if either the sign of W or of é « Db change, the position

of the image changes from one side of the dislocation to the othef."

AnRE
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-,". o - FIGURE CAPTIOT\TS

Fig. l Brightufield 1mages of single edge and. screw dislocations' f}*

H

U f,'rj- - a) N=1, 51 end B, W = O, n =5 b) same as a) ik 67,‘ c) same

asb)butw.—.lo d)vN-—l,BQ,.W—O,q~27:‘e)sa.measd)
 but B, .
. but Bos

£) same as d) but'n =33 g) seme as f) but 67
~ Note: vIn these and all the plots that follow: W is the Bragg angle rf»‘_7if””5

deviation parameter; N is g . b 3 6 ls the relevant strain function,
v'n is the depth of the defect in extinction distances (the foil . :_th;ﬂ”;?fg
B ;thickness is 6 extinction dlstances) Plot a) is always the. upper R R
| left plot, with b) below.it, etc.v' o |
p'fig;fé, Bright-field images of en edge dislocation (extra half-plane down)
o illustrating effect of deviation from the Bragg angle. Nf=‘2,x‘
,.5_7, n ;_5 © ) w =0; b)W=o0. 25, ) W= 0.5; d)__:w - 0.5

e) W=1.0; £) W= 2.0;-;.~g) W= 3.0 o SRR

";[ Fig.f3“ Dark;field images corresponding to Fig. 2. N.— 2, 67, ﬂ =5
a) W=mjww=022,oW=05miﬁwf s,dw
£) W=-l0 ' |

';Fig._h Dynamical bright-field images of an edge diblocation (extra half_"."5’

l"Plane down) illustrating effect of depth in foil on the images.fvf'“‘:
- 1
‘“N—.2 s,(,w‘_o. a)n—-ﬂ-, b)n=—-; c)n ,'d_)n—g>

e) N = f)T] = 2"}:: g) 1 ‘_"' 5’: h) T]

Tn
o
‘. . .

;iFigf 5,.K1nem&tical brlght—field images corresponding to Fig._h N

v7,W-—lO(inallbutc))._a,)n=4-&-,.b)n.:.é.,‘,c)..q:‘l.,_ 8 g
, W =0.5ah =15 e = 25 =2 &) n= 1; B)q = 3:5‘ A
| Fig. 6 Dynamcal bright-and dark-field images for single edge dis]_ocations Sy

, and edge dipoles symmetrically positioned with respect to the foilff ;v~;ff}j



cenier, W= C,'left column = bright-field, right column - dark-
field: ‘a) 37'(extra,half-plane down), 5 = 1; D) Byys 1 =5

T o ‘¢) By, (vacancy dipole), n=1; &) Byz, n =5 |

y Fig. T Dynamical bright-field vacancy edge dislocation diople images as;.

" & function of depth: N = 2, W= 0, Bg, dipole spacing 2X = 20p:

it
]

1 1 . -\ 3
BoPa=5 cdn=1 =% ) =2 ) n=27;
5, h) n = 5

. Fig. 8 Dynamical dark-field vacancy edge dislocation dipole. _Images as

a) |

.g2) 1

- & function of depth. Dark-field images corresponding to Fig. T

| with all conditions the same.

Fig. 9 Dynamical bright-field interstltial edge dislocation dipole. Images

as a function of depth. N = 2 W=0, 58’ dipole spacing 2X = 20b;
el vya-i; C)n——'lls d)_n=%; ) n=2 =23
'g)n 3 . | S
“AFigilO Dynamical darX-field 1nterstitial edge dislocation. Dipolc images.
| - as a function of depth. Dark~field images_corresponding to Fig.z9v
with all conditions thc same. |

,i Fig.1ll Kinematicel.bright-field vacancy edge dislocation dipole images as

& function of depth. N =2, W= 1.0, Bg, dipole spacing 2X = 20B.
Kinematical images corresponding to Fig. T. Outslde conﬁraét:

; e) = 2; f)n=2%;

nn\»

L e) nep b= C)n 1; )=

y ‘g_)n= | o ‘
,.FigilE»'Kinenatical bright~field inferstitialvedge dislocation dipole;

| imagcs as & function\of depth. N -'2 W= 1.0, 58, dipole spacing B

‘i{il-'f__ ” . 2X, = 20b. Kinemstical images corresponding to Fig. 9. VInside

«~con§rast; dipole depth values are the same as in Fig. 1l.



. FigJ3"

‘-":._':Lmages as & iunctlon of spaclnb )

?;vimages as a functlon of spacing N = vW

o jcolumn - br:.ght-f:.eld, righ‘c column = dark field.

;"g,gdipole images as a :f\mctlon of spa.cing, 1_\T4- 2 68’ Tl Le

‘ fj;-Lefb column - brlght-fleld, rlght column - dark-field"l-< , S
"Qgga) 2X _ lOb v _ R

. ) 2X_ = 20D;.

‘Fig.15

o 60b, _ |
. ; ._._Dynamlcal dark-field inters‘citial ed.ge disloca.tion d.ipole images

as a I‘unction of spacing._

.'Q;column W ;'

}20‘0,

Fig '-'1.91iy.1
| 1a.s ai f‘unction of the Bragg angle demtion pa.ra.meter W, '

o field

s of the Bragg a.ngle d.evia.tion para.meter W,

A éﬁhég'g.-"

Dy‘na.mlca,l brigh‘t- a.nd’ dark-fleld vaca.ncy edge disloca.’cion dipole o -

‘ N =1:W 38) Tl = 3

o) 2x = 502

'b) 2x = 20b

Dy’nam:t.cal brlght- and d.ark-field. va.cancy edge dislocation dipole

68, 1’] = 5. Lef't

a) ex = 10b'""

='100b

. e). 2X = 50b, d) 2x

Dyna.mica.l ’brlght-field interstitial edge d:l.slocat:!.on dipole images ;

| -.--:;,."a,s a i\mc‘b:.on of spacing. N = 2 W‘= O, 68, n = 3 e.) 2X = 6'b,

b) 2x lOb, c) 2x 20b, d) 2xo'___',=_,l;of3’, . e) ex* ; 50b, f) 2x
g) 2X_ = lOOb ;',;,;;_ R '; . »

These :Lma.ges correspond 't;o those of'

right column W= 1. o.,,: ) 2x = lOb b) 2x."

c) 2x = 50b

.10 _:Dy'na.mlcal and Kinema:bical bright-field interstitial edge disloca.tion

(

_dipole ma.ges as a. f‘unction of spa,cing All pa.rameters the same as .

= lOb.4

a)w_-o5, b)W=0.25, c)W—O, d)W -.025, e)W

'-.I:;Dark—field interstitia,l edge disloca.’cion dipole ima.ges as 8 ﬁJ.nctio" .

Lei‘b column - -TI = -;‘-,

Brigh‘c- a.nd da.rk-field interstitial edge d.islocation dipole m&es St
N =2, 58’
Left column - bright-—field, right column dark-»
b
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right colum - q = 1. =v"2,',"vf38,,.2v§<§ = 20p: a) W ='-3‘L.<‘?'§:-_ "
W oweo @ualo S
'E_ fig,El «Dark;field vecaney edge dislocation dipole images as a function
;-of deviation from the Bragg angler All parameters the seme as .
H'in Fig. 20.‘{" | | ,. “ ‘_7_ .
f'Fig;22 :Klnematical bright-field inages of a w1de dipole in a {llO} slip
,plane section from a magnesium Qride crystal deformed at lOOO°C:‘V
a)'-inside icentrastgv‘b)outsidefucontrast. |

Nete:_: In the following”micrographs;'the‘bléCk merkers are one micron in

Vector in the plane of the foil.. The direction af the arrowhead

'“mnhen shown, inf "‘és the direction of the diffraction vector g
" Micrograph a) is always the upper one.‘ - o
Fig.25 -Dynamical and kinematical bright-field images of a dipole in a
o }{lll} copper slip plane section:' a) klnematlcal b) dynamlcal.
'.t(Courtesy G. NMrty) _. | | ,. | o |
v‘n :Fig.eﬁ Kinematical bright-field and dynamical dark-field image of dipolesf

:'in a {llO} slip plane section fram a magnesium oxide crystal de-

iﬁformed at 750 C. a) kinematical o The long dipole intersects the

.fsur ‘ce in the upper right corner of the figure. The outer and
uinner comnonent dislocat ons of the dipole intersect the . surface
' near the lef't and right sides of the oval stain ax O and I, as
can be dbtermined from the anomalous width of the black images
_there.» b) dynamical = The component'images are at the limit of -

" resolution, indicating a dipole spacing of 30 = k0 b. The sense”

_of the diffraction vector is the same in a) and b). _ ' ' ';af

~7flength unless otherwise noted and are, parallel to the active Burgers L

st g

o e g~ -
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Fig.25

o figure
‘;"Fig.26

- Fig _.'27'

" 8) brignt field, +g; b) dar_k freld, — g W< 05 o) aak -
. field, - g W= 0; a) dark field, ~ g, W > 0. Bndeon screw (I
L dislocations are - vis1ble at E. :

’.J,_Fig.28

_a) .derk field, + g, W > 0; b) dark field +g, W W = 0’ c) _dark ? ihf‘?fi

| field, + g W<O0; Q) 'bright field, - g W > o.

< 20b spacing, are faintly v1sible in the central portion of the

: magnes1um ox1de crystal deformed.at 500°C.- The many faint imagesl'{ujvf

. near the micron marker ‘are very narrow dipoles imaged only by

f'section of a magnesium oxide crystal deformed at room temperature-» f{fl?ﬁ;ﬁ.

e

Kinematical bright-field images in a {110} slip plane section from

'a magnesium oxide crystal deformed at room temperature. There are

several examples of the pronounced contrast effect that occurs when =~

a dipole intersects the surface (at I) Several~narrowwdipoles,"“n”

Dynamical dark-field images in a {llO} slip plane section from a

their reSidual strain. :
Comparative kinematical and dynamical images of an edge dipole
attached to a screw dislocatlon in a {110} slip plane section

a magnes1um oxide crystal deformed at 750°C" alonor a [OOl] axis._pef"

Comperative. kinematical and dynamical 1mages in a slip plane

i et e o - e e A S e S0 S R 2 e At e e .
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CHAPTER 2

* DISLOCATION CONFIGURATIONS IN DEFORMED MAGNESIUM OXIDE

Introduction

Having studied the diffraction contrast of -dislocation dipoles in
detail,. we shall now attempt to utilize what has been learned{to’supply
new information'on the microscopic features of the‘plastic behavior of

.magnesium oxidé. Current knowledge of the processes that‘control the

" behavior of disldcations in ionic crystals, and therefore determine C :}% .

plastic properties, has come in large ‘part from dislocation etch-pit . - . ’v‘ﬁ_ﬂ

(for a review see Gilman and Johnston ) and transmission electron micro-‘
scopy 2,5 studies.  However, understanding of the motion of dislocations
in these materials is based.on static obsernations. For-example{ the
etch-pit{technique reveals.the positions of theé ends of dislocations
before and after an increment of plastic straln. Transmission electron
.-microscopy shows the arrangement of dislocations left in the crystal

~ after a slip band has- formed. Because dynamic observations generally

cannot be made, some uncertailnty often remains as to how the observed

arrangement of dislocations actually developed.
The most striking result of transmission electron microscopy ob- ;;L',V

-servations of magnesium oxide has been to show that the largest fraction

_of the dislocations left in a crystal during formation of a slip band ':'f»i fjéréfV

are close pairs of opposite sign or dislocation dipoles."However, un—:d'“
certainty remains as to the exact ways in which they are formed. The B
“purpose of the present work was to obtain more precise information as

to the length, spacing orientation, and type (i e., interstitial or

vacancy) of dipoles and small prismatic loops in deformed magnesium

oxide. By studying the effect of varying the temperature of deformation




and ratio of resolved shear SuI‘eSS ‘on primary and cross-slip planes it

B wWas. hoped that new clues as to the mechanism of dipole formation would

 be obtained.

A Single crystal of magnesium oxide loaded along a <OOl> d:.rection
o has four equally stressed {1 ]_O}<llO> systems ‘and unstressed {OOl} <llO>
L (cross slip) systems. A crystal loaded along a <ll]> direction has all

{llO} <llO> systems unstressed and three equally stressed {OOl} G.l0>

sys tems. A crystal deformed along: <001> usua]_'l.y is div:Lded into regions " -

e 'where one of the four possible slip systems has predominated, hence, it

3

'-5is relatively easy to obtain electron microscope specimens from regions o

' that slipped*primarily“on one'system. A difficulty encountered when

" interpreting dislocation substructu.res of crystals loaded in a <LOO> o

o d.irection is that at the temperatures at which the motion of dislocations

on. {OOl} becomes significant, dislocation climb also oceurs. Therefore‘{’.:j...:
.,"_'there are alternate mechanisms by which moving dislocations can leave {

‘lv..thelr glide planes. Thus, one is not sure whether it is screw or edge
oriented parts of & dlSl°°at1°n 1°0P that escape from. the original glide .'.. R

\,'.plane. : By loading a crystal in a direction near <lll>, such that both R

the normal {llO} slip planes. and their companion {OOl} cross-slip planes

sustain large resolved shear stresses at a temperature too low for :

appreciable cli.mb, it may be possible to better evaluate the role of

BRI cross-sl_ip. :

All previous transmiss:Lon electron microscopy studies of deformed

'magnesium oxide have utilized foils with surfaces polished parallel to

-~ the {OOl} cleavage plane.. An fOOl} foil has several disadvantages. .

" The i‘irst and perhaps the greatest ob,jection is that only a thin strip

of any SliP plane, bounded by the two i‘oil surfaces, ‘can be exami_ned. - f”_
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. This is because the {110} slip plane lies at Ls° or at 90° to the surface

-
of an {001} foil. The strip of slip plane that is observed is less than

one micron wide, and thus, very few long segments of dislocation can be

seen. Secondly, any long segment that is 1ncluded must lie nearly parallel

‘to the surfaces. Therefore, there is a tendency for it to rotate during

the chemical thinning of the-foil so as to shorten its.length by becoming.
more nearly perpendicular to the foil surfaces. As a result the sub- 7’

structure observed may not be entirely representative of the as—deformed

- state. Finally, the dlslocatlon substructure is v1ewed in projection,
making it difficult to observe flne detalls, and to perform and interpret
‘electron diffraction contrast experiments. To avoid these difficulties, -

~_the present observations were made on fomls cut parallel to an active

{llO} slip plane. Thls_geometry was not used with high temperature <111>.

‘vloading.axis specimens that deformed primarily by {001} slip. Therefore,-

observations were mede in foils prepared from sectlons cleaved parallel

~ to the active {001} slip plane.

*" Experimental Technigue

All magnesium oxlde crystals examined were obtained from the Muscle'

Shoals Electrochemical Corporation, Tuscumbia, Alabama; The principal

'1mpur1ties were calclum oxide, aluminum oxide, and silicon oxlde resultlng ‘
. in an overall purity of 99.9%. <OOl> loading axis specimens were cleaved ’

.'v“,into bars of approximately square cross sectlon. The'specimenslfor <111> -

loading were dlamond-sawed so that two of the four vertical faces were

{110) planes. When deviations from the exact <llL> axis were required

- the axis of rotatlon was always chosen normal to the {llO} vertical faces.

S Ty




. same etchant was used on the {llO} faces of the <1ll> loading axis

we'transmiSSion electron microscopy were prepared from these platelets by

'~;1;active slip plane is that contrast phenomena due to dislocations axe
4"_;particularly simple to interpret. The Burgers vector of the dislocations

‘ 'g“must itself be contained in the plane of the foil For {llO} slip nlanei :?i

“88.- ".‘

_ The spec1mens were chemically polished and then loaded in compression,wi;fi'
liuSing the technique of Hulse, et al.g “All specimens were deformed Just
past the onset of macroscopic plastic flow, to about 0. 5% overall strain,iJ%“

unless otherWise noted. ' . ‘
7 The deformed <001> loading axis Specmnens were then etched in two g
.»i parts HjPOh’ one part H. SOh to reveal the presence of slip bands,‘the f T
:l.specimens. A.platelet from the area selected was diamond-sawed parallel‘a

© to the locally active {llO} slip plane. In the case of {OOl} slip, .:
i'; platelets were cleaved from the selected region. _The‘thickness-ofithefﬂ“

>'_sections was typically 0. 050-0 060 inches. Thin foils suitable for"

',Fchemical polishing in cone. H5P0u at l50° - l60°C, and were examined in

" & Siemens Flmiskop I. equipped with = two-axis goniometric specimen stage..up~,wr

An additional benefit of making observations perpendicular to an’ ;::,1fE1;‘f‘

- sections, the most convenient set of diffracting planes are the {220} family,pf _

for which g * b= 2; dislocation. images were always recorded for conditions{hh

f'in whlch only kthis beam wes responsible for the image contrast.;

"' Experimental Results '-‘ o -' ' R h’_ e fffﬂft:

I. General Description of the Dislocatlon Arrangements

Figures 1, 2 and 3 are all slip plane sections of crystals deformed

at room temperature. There are several salieno features common to these '

I I T TTACHIRLIATY LA e, G T N AT A4 o S S e 3o b A AN 58 e et ey ot |

and all other such sections examined The damage wes almost exclusively ‘?”grﬁén}f”

present as dislocation dipoles of greatly varying width, length and . f_“f.:;p,.

e e, e S Ot et




.tively large interdislocation{distances,itypically about,a hundred Burgers.
3 VECtors. Deviations from edge orientation were frequent particularly
. for the longest dipoles, several dipoles were at, or extremely near, -
.at.three;fold confluences, and scmetimes showed evidence for having had

'»their component. dislocations cross over each other; Many of'the mediun

. length dipoles, 0.5 to 2 microns long, had both their ends closer to

. also existed between the lengths of dipoles and their spacing and
'”r to be and the closer it generally lay to edge orientation.v
.~ the slip plane sections allowed cbservations to be made on long segments

- dislocation with several cusps along its(length. Though only-barely'zp

often had cusps along their length that pointed in both directions. Tais

effect also observed by Fourie in slip plane sections of copper single ‘]ff},";;7

:dnring retreat of the screw dislocation whenlthevexternal stress,is L

| -89* |

pure screw orientation. The long dipoles usually were interconnected

edge orientation than the central part, giving them an "S=-ghaped" con=- \7;fjf:?;

figuration. There was e whole spectrum of dipole widths, the range of '..'
separation of the glide planes of the two dislocations being anything
oetween a few interatomic distances up to a few hundred. A correlation

orientation. The shorter the dipole, the narrower 1ts spacing tended f;i_'iiﬁ'fl-fb

Although single dislocations in edge orientation were seldom seen,‘iiffff.ﬁf_ﬁilw

J

of dislocation in near screw orientation. Figure 3 shows & typical screw o

visible, there are Very nerrow dipoles associated with theseicusps"'
this point will be discussed later. Long dislocations, having an average'57 [

orientation near screw, such as the one in Fig. 3 and those in Fig. 4

G~ g o

crystals5.is probably caused by the reversal-of_the shortest dipoles =

relaxed upon unloading.

o 4 g

ey s

‘ orientation.. The dipoles,longervthan a few microns in length had rela=. =~ }?v_j s

o

et apyetgn e
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TI. Presence of Weaklv V1s1ble and. Invisible Dinoles o .
| The diffraction contrast image due to & dipole must ‘beccme wea.ker S
'and. fn.nally disappear as the spacmg between the two d:x.slocations de- 5
creases. Several of these wea.k lmages can be seen in Fig. 5.: 'I‘hat thesed'_*"‘i‘.ﬁ_’_
._images do correspond to fine dipoles having the same Burgers vector as
--?-"}that of the active system was, confirmed by showing that they disappear 4

; ;""..'v_along with all the other images for a {200] reflection. , Of the six <llO>..l;-r

: Burgers vectors there are. only two for which the dislocations are out )
of contrast (1 e.,invisible) for images formed 'by a {200} reflection,
V}-:One of the poss:Lble dislocations is that of the active system with
HY'&‘-?.;.ZBxJ.rgers vector in the plane of the foil‘ “The other is that having e
'.vBurgers vector perpendicular to the foil. plane. Dislocations of this;"

':";;'_' ‘tother system were someuimes observed. if the specimen happened to be L

f':ﬁi__i-tilted quite. far from the exact <LlO> orientation.,l However, the frequency
of the fa:Lnt :Lmages, the fact that they were oi‘ten quite fa.r irom being 1"«'
= parallel to the tract of the perpendicular {llO} plane, see Fig. 5, and
" "vthe fact that they appeared and disappeared along w:x.th all the rest of

.'A'f.-vxthe images due to the act:.ve system ma.kes it wlreasonable to assume that
_'":'._v'vthey have a Burgers vector different from that of ‘the primary system. s
o The calcu_‘l_ations of Chapter l have shown tha.t ifr the spacing of an
- :"_._;redge dipole located centrally i.n a thin foil 'becomes less than about 1&0
'f_{-'lBurgers vectors, the image width and diffracted intensity begin to de-
v-tcrease rapidﬁy. Physn.cally, the fa:mtness of the image of a narrow dipolet
.. 3;':_;;.is a. result of the mutual cancellation of the strain fields of the com-' :
e :;:"i‘:vponent dislocations. : For the g *b= 2 case with W= O, even for a- foil
;j.":havz.ng relatively clean flat surfaces, a centrally locateo. dipole having;._-.

: 8 spacing of' less than six Burgers vectors proba'bly wi:l_'l. be invisi‘ole.
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At such narrow dipole spacings, the'approximations of the dynamical theory
iand of linear elasticity are not altogether sound, and also the smallest |
fluctuation in intensity that could be noticed‘depends on the uniformitj
of the background intensitj. Thus, the estimate pfobably is accurate
within a factor of two. | |

Often, the existence of extremely narrow dipoles could be inferred ,

¢
from the appearance of the patent screw dislocation.- As the dipole spacing

decreases, the dipole image beccmes weaker until it finally disappears,

being indistinguishable from the background. waever, a contrast effect

“remains at the mouth of the dipole where it is attached to'the screw

dislocation. By changing-the sign of the'Bragg angle deviation‘ para-‘

meter, W, a dipole image w1ll always shift from inside the dipole to

outside, or vice versa. Thls is true because the image of a dislocation

.lies to one s1de of the actual pos1tion of the dislocation, changing the
'.sign of W has the effect of changing the. side of the dislccation at which
the image lies. If the invislble dipole is in inside contrast, there ;
swill be a localpenhancement of the image width of the screw dislocationv

st the point ef Ju.ncture with the dipoles If the dipole 1s in outside

~contrast, there will be & dimlnution of the screw dislocation image width

there. This useful effect arises because the dipole spacing gradually

increases where it Jodins the screw dislocation. Thus, even though the

'Figure 6 at D shows an example of this effect. Similar DATTOW dipoles

would go unnoticed if they were not associated with a serew dislocation,

: unless, as is the case at N in Fig. 3, they happen to lie close to the

foil surface. As was seen in Chapter 1 proximity of a surface to a

dipole of any spacing will, 4in general, widen and strengthen 1ts image. N

'magority of the dipole is invisible, a small length at the Junction with

“the serew dislocation becomes sufficiently wide to give observable contrast.f ";n

e o a8 S oead e
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:_«u:III. Fine Structure of Drp_les ”ff

A fine structure is apparent in the dipolesvmarked o in Fig. 7..7 ;;ii
.1The image width changes abruptly part way along the length Changing
'“*rfﬁtithe sign of the Bragg angle devmation parameter, W, by tilting the
vijiispeCimen, Yas the eflect of widening the narrow end’ of the dipole and |
i[,vice versa. An example of this is shown in Fig. 8 at O 'ThlS diffractioni
i?:contrast behavior rules out the possibility that the dipole Simply changesz
"sdiits spacing at these junctions. For the wide portions of. the dipoles at
.‘?::O “the image lies outside both component dislocations,\the reverse 1s 7i”i7
_;jtrue for the.narrow portions. Therefore, as a result of speczmen blltingb;
t';‘the part that was in outside contrast changed to inSide contrast and
wﬁt‘}f‘v:n.ce versa., This diflraction contrast behavior suggests that these,:g .
'ﬁ:iJunctions are the orientation Junctions described by Gilmanért a.region
g;iof transmtion from one stable dipole orientation to the other.‘ Alternatively}k?.
";;,?Lthey could be. spacing" junctions, where the orientation of. the dipole | |
.xxt,iremains unchanged, but the dipole is interstitial type on one side and
bialavacancy on the other. In this case, the dipole spacing decreases until

G'fﬁiit is zero exactly at the junction, and then increases again, the dipole

4‘;?'::having changed its nature.t Either of these models can explain the con—;p
*itrast results. However, an’ crientation Junction in a. dipole of reasonable
‘f":;;ljspacing should.have a continuous image in the region of the junction because‘”

‘”rwgithe £two dislocations of the dipole are never close enough to cause com-'waf;

"Q?plete cancellation of their strain fields. At a spacing junction on theﬁil
.}ftother hand, the dipole image should be discontinuous because the separation‘
””J?lactually goes to Zero.: Strain field cancellation should cause the image i
?;p:to disappear for a short distance.j Examples of both types of image are 1;

N
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' IIV. Interstitial Versus Vacancy Dipbies,
- From the point of view ofvunderstanding how they are7forned,vit is id,pj'
of considerable interest to try to determine whether one.tppe or both
types of dipole are produced during plastic defornation.i An interstitiei |
dipole in edge orientation has its extra half plane In the interior of
-the dipole, a vacancy dipole has its extra half plane outside the dipole.
' The results ‘of Chapter 1 indicate that a'reversed Ashby-Brcwn strain con-
trast.criterionj should obtain for narrow dipoles situated near a snrface;
iIn'a 506°C specimen, dark field erperinents were_carried ont to.deternine’
'”,whether the;narrow dipoles near surfaces were vecency5 interstitial, or
vboth by consideration of the oriéntation of their hlﬁck-white.imege with .

respect to the operating diffraction vector. In given fields of‘view,.such

are shown in Fig. 10, with the foii_et the exact Bragg angle, both blacks: L

* white image orientations were found7‘ Therefore, both'types of dipole
;are presenttin'the as—deformed state;: _ ,. p V v_ | »
The accurscy of the above detexmination depends on the subjective :,'
correlation of the inten31ty of the black—white dipole image with its
B depth in the foil, l.e., it is assumed that the very strongest imagesii”“’
'.~ere dipoles Within one=half an extinction distance of either surface.
.Beceuse of this uncertainty3 the techniques of Appendix II, Chapter l,_:r -
‘ilwere applied to dipoles thet intersected a foil surface. Whenever it ‘
was possible to apply more than one of these methods, this ‘wa.s - done,
' consistent results were always obtained. Again both interstitial end
vacancy dipoles were found, so that it would appear that both types of

_n.dipole are produced during plastic deformation.
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‘Effecﬁvbf"nefdrm5615ﬁ’Témbérafufé on the Dislocationssubstructure

Figure 5 shows L3 section from a crystal deformed at 500°C..

S 3

1cnificant differences 1n the dislocation substructures are evident

'..

l;ffbetween thls specimen and the ones representative of room temperature

| deformation.; Powever, many very narrow dipoles can be seen particularly”

well in the central portions of this micrograph v At temperatures greater

~than about 700°C, etch-pit Studies indicaoe that grown-in dislocauions

ibegin to act as. sources of dislocations. Figure ll shows a. sub-boundary
“7‘fthat apparentlyvacted as a ‘source for long Single dislocations. AttemptSf
.nito measure the. local strain in high temperature glide bands, using the
fif;technique of Washburn and Gorum8,‘failed because the amount offstrain
ﬂaiibecame very small With many potential sources available, the crystal
Hatwas filled With dislocations at very small strains._ Each source sends;
{?ioff several dislocations, but they do not move veryhfar. New sources

) .

;are activated on parallel planes beforedislocations can completely

gi:traverse any given Sllp plane._ Attempts to observe slip offsets by
?f:ontical and electron replica microscopy also proved fruitless, even
vvtﬁtiethough slip offsets were easily v151ble after an equivalent deformatio;
l:i:at lower temperatures.: Thin foils of crystals deformed at 750°C showed
.ltivmore screw dislocations ‘and.- some decrease in the number of dipoles (Fig.fp'
:;Also, the dipoles present were, on the average,'much shorter and deviated
3less from edge orientation than those in specimens deiormed at lower |
:{?temperatures;; Screw dislocations still were heaVily Jogged and draggedxb}
'many very narrow dipoles (see D in Fig. 12) Examples of both jogged

screw dislocations and medium length dipoles can be seen in Fig.v6,ﬁ
| At temperatures above 750°C, the climb of edge segments becomes

‘

ﬁvf significant. The advent of: clbnb leads to the breakup of dipoles into
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strings of prismatic loops. By annealing a crystal deformed at. temperature)-

at 80050 for one-half hour, it was observed that the breakup of very narrow

, dipoles usually commenced at their-ends. The strlngs of loops formed from

the breakup of- dlpoles frequently were tapered at one or both ends w1th

the inter-loop spa01ng-and loop dlameter decreasing as the ends were .

epproached. Figure 13, of a crystal deformed at 850°C,.Shows examples.

This observation shows that the spacing of the'originel dipoles was not uniform,

~and that it usually decreased towards the ends of the dipoles.

As was noted by Groves and Kelly,9 most, but not all, dipoles commenced
to break up into loops at their ends. ‘There are several gepsvinvthe
strings of loops visible in Figs. 13 and 14, The presence of a spacing

junction as previously described would provide an internal position

- favorable to the initiation of break up and also would explain the presence

e

of gaps 'in the strings of loops.

The substructures in’crystals deformed et lOOO°C showed'strings 5?
dlslocatlon loops of varying size and length that has been formed froﬁ
dipoles which all were rather close to edge orlentatlon.v In the specrhen .
geometry used in the present experlments, the Burgers vectors and hence o
the system of the tralls of prlsmatlc 100ps that 0ccur in spec1mens
deformed above 850 C, can be 1dent1f1ed by'lnspectlon s1nce they exhibit
"double-arc contrast as descrlbed‘by Bell. 10 The image to be expected
from & perfect-loop is'one that he.s the strongest contrastffrom the pure
‘edge segments and the weakest. contrast from the mlxed orlentatlon seg-
ments, In MgO therefore, the double-arc loop image will be one in :
which the direction of the llne.connectlng the two segments of the_loop
in weakest COntrast, being parallel to the pure edge.components;ﬁisL;mr
perpenddcular to the projection of the'Burgers‘vectoréof the loop onto

the surface of the foil.




: : In addition to the loops present;‘there were s1ngle dislocations.faf
"51:'thread1no their way through the thin fOil. Many of these were quite
fwshort, running from one surface of the soil to the other in less thanw
ff:one micron.,.Also“single dlslocations frequently crossed over. themselves

:”(Flg. lh) Screw dislocations, when observed were always much smoother

':than those observed at uempera ures up to 750°C.- By lOOO°C, there is
:wrapid cllmh of edge segments along w1th a smgnificant 1ncrease inlmo;
#;bility of dislocations on (OOl} Figure 15 shows typical substructures'
fﬁ:from a cryshal deformed at l600°C., One must search a long time for any
tdeformation substructure in such specimens for not only is the dislocation.

?; dens1ty) as determined by etch-pit methods, quite low, 2 lO /cm > but

ﬁ;'also very few dislocations segments lie on any {llO} plane for a long *ﬁ'k
“;?Jdistance.~ The dislocations shown are prismatic loops of very wide spacing;
ngaccurately aligned in the pure edge orlentatlon.. At J, (Fig. 15) one can
‘tisee two large Jogs; Because of the easier glidevof segments on {OOl} at.

'”ftthis high temperature, it 1s expected that such super-jogs could form'

BN by the gl:l.ding together of many' smaller :jogs. )

i;;?VI Effect of o Large Stress on_ the {OOl} Cross~Slip Planei"’ B

. v‘v(’ .

Figure l6 shows an etched {llO} face of & crystal loaded at 600°‘
ts_in a direction about 5 from <lll>._ This arrangement gives a resolved
;shear stress for the {OOl} <1lO> cross-sllp system that is about six

- o 'ffxtmnes the resolved shear stress acting on the normally operative {llO] i
R \‘f:<1ld> system. Although the observed Sllp band traces are still nominally ;:
A'v.F~3those of a {llO] plane, it is evident that the dislocation paths often f5

Jldeviated from {110} Slip lanes sections prepared from this specimen

;?ffshowed several interesting features. Figures 17 and 18 should be compared_

'?41w1th Fig. 7, a specimen loaded along <lOO> at approximately the same V}’tm ;'ﬁf
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‘temperature. Long dlpoles were much less numerous and the short ‘ones that,“

\

' were present were often wide at their centers and pointed at their ends,
orvtermlnauea by intersection w1th_one or both surfaces of the foil. o
This“suggests that the individual screw dislocations end even the dipoles'
in‘this.specimen have'many more small jogs then in the normaily loeded : ‘;; S,
.specimens. . They no longer lie as close to a-given {110} plane.. Different |
' parts of the same line often appear to have moved quite-different distences
“vfrom the original {110} glide‘plane, sovthat when segments of opposite_
Vhsignvmeet, they‘croSS'over each other rather than ﬁorm a dipole.A\Thev
. dislocation just to the ieft.of the micron.marker.in Figr 18 seems to be
.stopned in the process‘ofv"crossing;oner" itself;.thns the.spacing of‘itsvi" !
two segments normal to {110} must be many hundreds of Angstroms. “:_; r_..rfiﬂ;l"jli
Larger ratios of stress on {OOl} to that on {110], obtained by ” SRR
loading in a direction even closer to an exact <l11> orientation, proe: _f:itfitfo\a%

 duced rore indistinct etch patterns, see Fig. 19. However, {llO} slip “]'f .

- plane sectlons were much less useful when deflnite slip bands were no

longer recognizable on the etched crystal faces. In this case,zthe '1

 lengths of dipoles and individual dislocation could no longer. be detei-?ig_j'fi‘if

itmined because»they usually intersected one or both snrfeces of the foil .

efter a short distance.
The straight rows of etch pits in Fig. 19 ‘are traces of (OOl} slip
: planes whose {110} cross-slip planes were only weakly stressed. Wavy rows
of etch pits only occurred when, as a result of mntual stress1ng; dis-
‘flocations were able to move on both {llO} and {OOl) planes._ When the
T'loadlng axis is deviatec from an exact <1ll> orientation, the {llO}

f,planes are stressed, only at the exact <1lI> orlentation are the [llO}.5:"}

- planes unstressed. Errors in orlenting the loading axis along an exactf*



rvf_that delormed purely by {OOl] Sllp at 600°C. By increasing the tempera- f

3'hich temperatures it became poss1ble, in spite of the orientation errors,

”f:,shows such a speCimen.'

et 100’ Surain at 1300°C. The plane of observatn.on in F:Lg. eo is a (001}
‘ilhcleavage plane, the edges of the micrOgraphs are parallel to <OOI>

J“sfdirections. As determined from the weak residual birefrineence in regionsvﬂ;

"‘.E,ﬁapproximately parallel to the trace of the active slip plane, whereas

>-98— ,
o <1ll> direction made it experimentally imposs1ble o, attain snecimenS"t

::ture of deformation, the ratio of the stress to cause glide on {OOl) to ,'f w

- N nE
‘ the stress necessary for {llO} glide is decreased. Thus,_at sufriciently o

Lvto obtain- specimens that deformed primarily by {OOl} slip. Flgure 201_=ﬂ B

The etch- pits of Fig. 20 are arranged in tangles and polygonized !“‘“';.

,vjwalls that were developed in & <111> loading axis specimen deformed to ;;ff“fimg-.;;q

Cof incomplete oolygonization (see the two right micrographs), the locally ) ﬂ";v
ﬁ;active slip plane was a {OOl} plane perpendicular to the plane of observa— e

'f*tion. The tangles of dislocations VlSlble in such regions were aligned

“ 7 the rows of- dislocations in the areas of. more complete polygonization L

. ?swere perpendicular to the slip plane (see the two left micrographs)

;;'Dipoles are formed during glide on{llO} because of the lack of mobility

{OOl} slip plane sectlons prepared frcm the specimen of Fig. 20

;?Hshowed that tangles of edge dislocations (Fig. 2l) and subboundaries f’ B
(Fig. 22) were the most recurrent features offthe'substructures; Dif- S
E:fefraction experiments indicated several (OOl} systems participated in the-

S deformation. No dipoles or strings of prismatic 100ps were ever found.-,';

“\of dislocation segments on {OOl} : In the case of {OOl} glide, however,;p

P segments can easily move on {llO}, and dipoles should not occur.‘vIn_:_p?"fgﬁfv",’7v

".fact, it should be common for;dislocations gliding on {001} to leave



S terminated by this process, since 1t is only necessary that the numbers
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'their glide plane and lie in the {110} cross-slip plane. There'are
' vseveral places in Fig. 21 where dislocations lie parallel to the. trace :
”of the {110) cross-slip plane, i.e., lie in screw orientation. At such |
- locations, {OOl} glide_dislocations probably can readily cross=glide to‘
the {110} plane. | | - | | | |
' | ‘ Discussion
Most of the information obtained in the present experiments can be :
vinterpreted directly in terms of the dipole formation mechanism of Wash-<.:

o burn‘(see ref. 5, ps 317). However, there also are certain features of ‘

the dlslocation substructure which will be dealt w1th in more detail

because they were not treated explicitly in the earlier work. We shall :

- begin by describing the dipole formation mechanism. Consmder a length . E_,

‘-j} of screw. dislocation that has acquired a jog of several Burcers Vectors.>.;;jc“7*
,i'Contlnued motion of such a dislocation results in the grcwth of a dipole.

' n Frequently; the spacing of fine dipoles was. shown (by their diffraction'.;'n",

» contrast) to cheange continuously along their lengths. This can only be o
explained if new Jogs are formed frequently on the screw parts Qf the '

loop and are able to gllde to the growing dipoles. Fine dipoles can be

of jogs of-opposite sense that have run_into it become equal. It is not‘: _J:ijf?
lhreasonahle tocsuppose that the rates of adwance‘of the‘two'loops of dis-;:ﬁ |

- location on;either side of 'a growing'dipole will always remain the same.
fTherefore,-some trailing'dipoles will turn away»from'pure edge-orientation.fff

as they'extend. If one of the loops gets far enough ahead of the other,

the dipole will find itself in pure screw orientatlon. For small spacings”-.“"

) of only a few Burgers vectors, this w1ll always result in annihilation of ;

;'the serew dipole by cross~slip, leav1ng the edge-oriented part of the y '.‘l

-
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2 -w:Lll run rapidly along the screw dislocation, terminating any attached".j:‘:‘-,“t'

'“-,;counters another forward segment of the line hav1ng a significant edgee'“ B
PR two edge dislocations of oppos:.te s:Lgn that have fOllOWed different

-"-“fthat several dipoles of small snac1ng have been terminated & new length

Sk spacing which includes the algebraic sum of all those that were terminated, =

”"‘dlpole closed at both ends.. ‘I’he forward loop of dislocation now can

cont:l.nue to expand in the dlI‘eCulOIl parallel to the Burgers vector and, 7

"f:‘dipoles by annihilation of the connecting screw segments until it en-__;;*;_ -
comoonent. here a long new segment OJ. dipole will be formed where the K
o paths through the crystal meet. The net result of the above process is

A of screw dislocatlon quite free of ,jogs, has been laid down a few microns

";v._‘ahead of its former posi ion,‘ and a long new segment of dipole, havmg a

has been formed. 'Ihe ent:.re process can then repeat itself. ‘
only dipoles of reLa ively small spacing can be teminated by this‘ B .
‘;_'hmechanism. When- the distance between the glide planes of the two dis‘ |
.__"'_locations exceeds a critical distance, the mutual attraction .of "'he tw
"""i'v'.';dislocations is not large enough to cause cross-glide .on {OOl} even for
- the segments of dipole lying in pure screw orientation.. Therefore, . '_ ‘
; according to this mechanism, dipoles of spa cin greater than some critical :-:-;"-
value should be very long and irregular in sha'oe, even having segments

: that lie in pure serew. orientation. _ This ILS indeed the case (see for -

.' example F:Lg. 3) On the basis of the present experiments the minimum

- spacing for very long dipoles containing segments in pure serew’ orientation"‘ “
.'was estimated to be 1+0 Burgers vectors which corresponds to a critical

| stress for cross-sln.p or g].ide on {OOl} about 35 t:.mes greater than the

‘ critical stress for {ZL’LO} glide"in the same crystal.. The maxinrmm spacing ;

to which a dipole can grow is of course determined by the applied stress. '. ' y
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It is given by the spacing &t which the applied stress can separate the

two parallel dislocations. Growth of a few dipoles to this upper”critical
spacing 1s thought to be the mechanism by which a slip band widens in a ..

" erystal having a few dislocstion sources. The lack of long dipoles-of-h,”~*

. wide spacing in’SPecimens deformed at temperatures greater than ahout
700°C lends further support to this idea; The~activation of-grown—in

, dislocations as sources precludes the need for the generation of sources
by the:growthlof a few dipoles; itlalsovyields a length of screw_dis-T

' location greater than at low temperatures. Because the strain in such .

crystals lS uniformly distributed, i €y the local strain is anproximately '

the macroscopic strain, it can be concluded that each screw segment must
not, on the average, move across & very large area of its slip plane. |
This is in distinction to the Situation at lower temperatures when the

sources are presumably‘Wide dipoles; in this case, the strain in.abslip

5” band may be an order of magnitude greater than the‘macrosoopic strain.a

Accordinv to Washburn s model, long dipoles should curve frequently, o

. sometimes having segments in pure screw orientation.‘ Some of these kinks

~  may subsequently straighten out, thevregions of sharp curvature being

eliminated by glide. There was evidence that some dipoles with no pre~‘ -

t

. dominantly screw: segments remaining may once have had them'. The long V

._aipoles often contained Junctions at which there wes & cnange from one

" of uhe stable orientations of an edge dipole to the other. In the‘prOv o
-'Jeotion onto the glide plane, the dislocations cross each other at such .af
©la Junction; These cross-over or orientation aunctions will only be formedi;;fzgﬁ'

. easily when a part of the dlpole 1s brought at Least mémentarily into & rég'fn'

vaiyed screw-edge orientation (see the Appendix) Two edge dislocations

thet are driven tocether by an applied stress to form a dipole will not

22 AL T AT




"’“53‘1 ”be able to pass &8s Viewed in the Sllp plane proaection, and will be held
"f, up by their strong mutual interaCtion Just past the first of . the two

-’~'stable pos1tions. However, when two dislocations of screw orientation

j__are driven together by a stress they w1ll cross over one another. Asv

”1.v1ewed in the slip plane section, the equilibrium pos1tion corresponding itn?:j?gf

'to zZero applied stress oceurs when one screw dislocation is directly above : .ﬁj439¢

'ﬁfu*the other, this configuration is retained even for dipoles that have

"'i':f; bout equal edge and serew components.1 The applied stress will drive the
i dislocations beyond this equilibrium configuration to an extent that 1s jénﬁﬂ

“”ﬁ‘determined by the deviation from the pure screw orientation. Thus, for ":

;curvind dipole, the segments where there are about equal parts of
' Hedee and screw component will take up the second of the two stable con-g:A":

vjt‘figurations rather than the first. However, the portion of the dipole ;ﬂ
. ”-j;};near pure edge orientation will still be in" the first configuration.

:gOnce an orientauion Junction has been nucleated it may glide along the

V‘{;leOle under the action of the applied stress. Therefore the entire 53""'
= dipole eventually may be changed over to the second orientation. Orienta- tf

'v-f'tion Junctions might be expected to become trapped where there are jogs us;

'Hffon the dislocations or where local internal stresses oppose the applied
'ﬂsstress. . | ﬁ‘ _‘ _. | ‘ » - e

': As a result of contrast experiments, it was determined that both
l'h;vacancy and interstitial dipoles were - present in deformed crystals of -

) magnesium oxlde. This conclus1on is consistent with the geometrical Fa.

‘f'nature of the dipole formatlon mechanism. There should be no preference gf :

B for the nucleatlon of one type of dipole over the other because the

"”{v_nucleation depends only on the probability of the collection of a few

" Jogs of the same s1sn, as lons as both ‘types of :joc are present, both

‘fvtypes of dipole should be formed. fffkl Vﬂl o iﬂ},»f;;,,,;:,j,j;}‘hf‘”*fﬁ@l“kfﬁ
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The apparent absence of single edbe dlslocations is caused by the

difference in wvelocities of screw and edge dislocations at a glven stress ,

level. Screw dislocations travel at a velocity about two orders of mage-
nitude slower then that of edge dislocations moving under the same stress.

” The many dipoles associated with the screw dislocations exert a drag that

‘accounts for the retardation. As a dislocation loop expands from a source

~

it will rapidly become‘very much elongated in the direction.of the active
Burgers vector; the 100p w1ll be almost entlreky in screw orientatlon with

only e short length of edge orientaulon near each end. Thus segments of

""single edge dlslocatlon should be rarely seen.

The effect of a hlgh resolved shear stress on the {OOl} cross—slip

v‘j;plene was to decrease.the number of fine d:poles and increasevthe-spacing

of those that were'formed. Also, bothiindividuel'dislocatiOns and dipoles o

>often lay at a small angle to the {llO} plane. They frequently passed

- from top surface to bottom surface of a {llO) slip plane section in &

':r;dlstancevless than ten times the thickness of the foil. Thls_means‘that_fu.a'“

- the lines contained a high density‘of'small jogs of'the same sense;’ Nb

‘:evidence wa.s obtalned for the formation of palrs of large jogs as Would _

u*be expected from the double cross~sllp mechanism.. The low temperaturev3""A

”ideformatlon substructure and the changes in structure due to high cross-~ .
' slip stress seem more con31stent w1th the assumption that the basic

_mechanism by vh ich & pure screw dislocation leaves its original glide

plane is the nucleation and separation-of a pairrof JOgs of_length equalf e

to a unit Burgers vector. Because of the high density'of narrow dipoles,. .

it would seem that this pxocess must occur: frequently. lmpurity;atoms"

_may play an essential role in the process. A high stress on the’crOSS__.,:w

slip plane should_aid this event by helping to separate the two Jogs when

B T USSP, S
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_they happen to be of the right Signs. It should also aSSist their glide
.'1;Toff the screw part of the loop, making the nucleation of a new dioole :
o less frequent.v A screw dislocation should tendto drift farther and farther’
if away from its original {llO) layer of atoms C | s
" The effecu on the deformation substructure of increasing the de;

”iﬂiformation temperature above 700°C was very Similar to- the effect of high
' ﬂf cross—slip stress. TFewer flne dipoles were formed and those that were i
&found were of larger and larger spacing as the deformation temperature_:
f\‘:éilncreased. An increase in temperature ‘should also- 1ncrease the frequency
':fof Jog-pair formation on screw segments and increase the glide mobility o

iﬁ{of Jogs. However, interpretation of the changes in deformation substructurej

-"gare complicated by the fact that dislocation climb and qperation of elements;

ffof the grown-in dislocation network as sources begin to become imnortant B

| in about the same temperature renge. For the high temperature and high

.’;cross~slip stress eyperiments, it also was virtually impossible to achieve

;fng:conditions where only ‘one slip system Operated Therefore, dislocation

[

'f:intersections nay also contribute jogs to the moving screw dislocations.

bﬁ.It seems highly unlikely that dislocation intersections can be responsible

.:;for all the large number of fine dipoles that are formed during the low :
7§g>temperature deformation of a good crystal on & single system and for ﬁ}

V'tfii;their gradual changes in spacing._ However, the possibility cannot be ?ipi?fj?
;:'completely discounted in the high temperature and high cross-slip stress |

... speclmenss. =.~v AR ~.',, vl ,‘.1_”. j: S
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APPENDIX
Calculation of the Equilibrium Configuration
~of a Mixed Orilentation Dipole

We shall consider only dipoles whose component dislocations are

parallel. The component. of force per. unit length of dipole between
~the two component dislocations of a

pure screw orientation dipole, resolved
0 ,

into the glide plane, is- FS= - %%5 sin'29.ll‘;' For a pure edge dipole, -
. Gb . 11 -
. the force is Fe_= e sin 29 cos 26. . Here, G is the shear

'. modulus, D is the perpendiculer spacing between the‘siip pianés.of fhe
individual'dislocations of the dipole,v '1s Poisson's ratio, b, the«mag-.
nitude of {the Burgers Vector and 8, the angle bétween_the perpendicular
.éonnecting the two dislocations and the siip plane. If Y is the aéuté

) angle, in‘the'slipvplane,'betﬁéen the ﬁurgérs vector of the dipole and
the dislocation liﬁes, the inter~dislocation force.of a mixéd orienta-

vtion dipole resolved into‘the-glide_plang is,

: 2
_ s 2 cos 29 sin™y
FM = -‘-H;TTD-, sin 29 [COS W’l"‘ (l ” V) | ] v‘ (l)
‘VWhen ¢ = 0, Eq. (1) represents the screw dipole case, and the edge dipole
.. case when ¥ = g-."In.ofder to determine the equilibrium configuration
for an arbitrary ¥, we must £ind the equilibrium angle,_QE, that corre-
sponds‘to e configuration'with zero glide force befween the component
dislocations. For a pure screw dipdle (¢ = 0), the'disloéations are ,
. one above the other and GE = 90°; As the edge component Increases, 65
~remains--902until a value of wb such that cotewb =‘Il— is reached., In
. -' 3 -v. '
the case .of magnesium oxide, ¢5 = Lo.2°, iAs‘w increases past ¢b’ GE o

decreases,. rapidly at‘first.and then nore sldwiy. Finally, when Y= 90°, -

8y = 45°. TFigure 1 portrays the behavior.described above. The equilibrium
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%o “the. other, is AE = E(9O )-E(e ) =

"9i Flgure 2 shows AE as a functlon of the dlpole orlentatlon angle ¢

5-106_

-angle; GE’ and the lateral dlslocatlon spac1ng in- unlts of the vertlcal

.Qlyigllde plane spa01ng are plotted as a functlon of the orlentatlon of the

’*ﬁf+;t10ns, symmetrlcal to the glide plane normal at 9 and 180 - 6-.

The energy Per unlt Burgers vector length of a mixed orlentatlon LR

screw'Orientation dipoles.ll Thevresult»is

E= %—‘[(zn D/b + En l/s:.n 9)( 2'(]__1,7

R S

L For a glven value of ¥t he energy has a minimum at 6 ‘and 180°—6 o
%:'correspondlng to the equlllbrlum conflguratlons. ThlS 1s a very deep

e mlnlmnm for a pure screw dlpole (w ).j As the edge component 1s

. ¢/< w the dlslocatlons-remaln one above the other; but they‘become more
: weakly'bound at th1s relatlve pos1tlon as (w .—-w) decreases. Exactly at
ﬁvw ¢b’ 55 (9) 1s zero to second order in. (9~—,9 ), and the drslocatlons :¥
i:can eas1ly be dlsplaced laterally w1th respect to each other.p For (¢b

L two energy mlnlma, separated by an energy max1mum, occur.‘ The pos1tlon

I8

; maximum and the depth of the minima increase. The difference in energy

'u, between the energy mlnlmum and energy max1mum, 1.e., the energy'barrler

that must be surmounted in g01ng from one p031t10n of stable equllibrlum

2 :

'vﬁ%zi~—7- [COsv; sin:¢ - rn (;;i 3 )(l - v cos; ?)]

Tt

1-v cosgw) . .COS . 29 gin® w ] ;;,*ikz).wwf

Y

f,dlpole. It should also be noted that up to w s there is only one equlll-;" e

1fedrpole can also berfound from the relevant formulae-for_pure edge and';',f":J

ilncreased the energy'mlnlmum becomes 1ncrea51ngly shallower.‘ Up to'f"?;f,ff;}c" -

)> o

'v”.‘v.-brlum pos1tlon. For s > 1// however, there are two equlllbrlu.m conflgura- N

o of the max1mum is at. 6 90°* As (¢ w ) 1ncreases, the helght of that 'ng_Legp_Q
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Because there is only one equiLibrium configtratién ub to y= ¢b,
LB = 0 for ¢ < v, . LB (y = 45°) = 2 X 10'5G55 per unit EMrgérs vector
length of dipole; bﬁt increases rebidiy after that. |

Iﬁ conclusion, because thé attractive force between the dislocations
of a sérew dipole is greater than the attractive force75etWeeﬁ tﬁe,dis-
-locatiqns of an edge dipole, the,equilibrium orientati§ﬁ of a mixed
dipqle remains that 6f a pure screw oriehtation dipole up to an orientation
¢5 = k2°, .Fof Y neaxr wb’ the appliéd stress can gréafly affect ﬁhe:réla—
tive positions of the two dislocations. When y § ¢b, & shallow single W
. energy minimum is present; énd the dislocations will prefer to be one’
: ~above the other. When ¥ > ¢b; two shallow energy‘minima separatéd by |
& small energy maximum are present; in this éése, it should be very easy
for the applied stress to flip the dipole from one:stable orientation
| to the other. Thus, théfnucleation of an orlentation Junctlon by the:

'appliéd stress should readily take place. for dipole orlentations close

to wof
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".FIGURE_cArTIons
:pfSlié plane. section of & crystal deformed at room temperature. 'Note
iiﬁthe deviation from edge orientation of the dipoles, three—fold di- !
ovpole confluences, and weakly v1s1ble dipoles. _ - '
}ipb(Note. A1l slip plane sections are parallel to {llO), unless other— R,
wise noted.» In all electron micrographs, except Figs. 21 and

22 the black line is parallel to both the active Burgers

‘vector in the plane of the foil and the diffraction vector. o
It ds one micron long, unless otherwise noted)

u_;fSlip plane section of a crystal deformed at room temperature.,v;l’_hi';;f

‘:?Slip plane section of a crystal deformed at room temperature.' Ve;Y:lff:b”
Gun?ﬁfnarrow dipoles, attached t0 a single dislocation in near screw hl »'m““

f? lorientation, are denoted by D._Long dipoles, some isolated from thed i't’
=;screw dislocation, are at N. | | o p N
i;Slip plane section of 8 crystal deformed at 500°C showing long
vl?fdislocations in predominately screw - orientation.;~ o .
. a_ié-slip plane section of & crystal deformed at 500°C. Note‘many faintififfs

| ':%§dipole images in central portion of figure.

'f‘1”6.lt Slip plane section of a crystal deformed at 750°C (dark field)

. Nerrow dipoles are at D. Several of the medium length dipoles have ?af';

 their ends close to edge orientation. Note effect of -changing the o

Y

B J'diffraction conditions on the apparent spacing of the dipoleS- o |
T .~ Slip plane section of & crystal deformed at 500°C-' Dipole junctions -

"'-vwhere the image changes from inside to outside contrast are at O. ‘ 3'3'}f.i}7

Q! 8,';VSlip plane section of a crystal deformed at 750°C (dark field) AS'
;the sense of the Bragg angle deviation is changed, the dipole image "1f j531£

at O reverses.
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© Slip plane ‘section of a crystal deformed at 750°C. Two expected
dipole Junction images are present. The lower dipole may be starting

to break up into prismatic loops at -its end.

Slip plane section of a crystal deformed at. 500°C. Thefsense of the foldf'

.- {e20} diffraction vector is denoted by the arrow head . (dark field)

Slip plane section of a crystal deformed at lOOO°C. Many long_dis-f_ ,5 .

- locations are apparently emanating from the snbboundary;

Slip plane section of a crystal deformed at 750°C. Some of the

- smallest dipoles are at D. A dislocation tangle is beginning to

.':5ldevelope where’ another slip system intersects the plane of the foil.,, .

Slip plane section of a crystal deformed at 850°C. Several of the =

' { strings of prismatic loops have gaps in the Spacing of loops.

o 15.

Slip plane sectlon of a crystal deformed at lOOO°C Many segments

of dislocation line have climbed cons1derably) vhile others apparentlyp o
::have remained nearly parallel to the plane’ of the foil.‘

-Slip plane section of a crystal deformed at 1600°C.' The only stable‘:.

tf:dislocation pairs remaining in the crystal are. qnite wide and are?i.

".accurately in edge orientation. Note the large Jogs at J."

. T

AT.
S8

Dislocation etch pits on a {llO} face of a crystal deformed at 600°C

- with a ratio of stress on the- (OOl} system to the stress on the . {llO}
system with common Burgers vector of 6:1. | |

Slip plane section prepared from crystal shown in Fig. 15.

Slip plane section prepared from crystal shown in Fig. l5

'Dislocation etch pits on a {llO} face of a crystal deformed at 600°C -

- along a loading axis within 2° of <lll>.

20.

_Dislocation etch pits on a {00L} face of a crystal deformed lQ% at

1 1300°C along a <111> loading axis. Avpolygonized substructure

.‘d develops at these 1arge‘strains.vf -



{OOl} slip plane section from crystal shown in Fig 20. Tangles of
dislocations and reactions between dislocations with different Burgers
vectors are. apparent. . | - -
{OOl) slip plane section from crystal shown in Fig. 20. :A’well.deep;lu»T

_'veloped sub-boundary viewed in two different diffracting'conditions.n"'ﬁ“

APPENDIX - CHAPTER 2

1]

Fig., - Equilibrium angle, O and lateral spacing %’:,&5.&:function;ff

s

of the dipole orientation angle Yo

Fig.l Energy barrier separating the two positions .of - stable equilibrium

v’ c

RETEY function of . the dipole orientation angle ¢
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i This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

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

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

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







