Lawrence Berkeley National Laboratory
Recent Work

Title
IDENTIFICATION OF PRISMATIC DISLOCATION DEFECTS BY ELECTRON MICROSCOPY

Permalink
https://escholarship.org/uc/item/8ht2g2i5

Authors

Thomas, G.
Bell, W.L.

Publication Date
1965-08-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8ht2q2j5
https://escholarship.org
http://www.cdlib.org/

UCRL-16271

University of California

Ernest O. Lawrence

Radiation Laboratory
-

N
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

IDENTIFICATION OF PRISMATIC DISLLOCATION DEFECTS
BY ELECTRON MICROSCOPY

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 nccessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



—— ot

R . . N
Honolulu €Conference on Lattice

Defects - Sept., 1965
Proceedings

e ~° UNIVERSITY OF CALTFORNIA

Lawrence Radiation Laboratory
Berkeley, Californisa

AEC  Contract No. W-TkO5-eng-U48

IDENTIFICATION CF PRISMATIC DISLOCATION DEFECTS
BY ELECTRON MICROSCOPY

G. Thonias and W. L‘.. Beli

August,.1965

UCRL-16271



‘w

t

IDENTITF ICATIOR OF- PRISMATIC DISLOCATION DEFECTS
BY ELECTRON 1 CROSCOPY
| "G. Thomes and W. L. Bell

Denartment of Mineral mechnology, College of Engineering,
Unlver51cy of California, Berkeley :

ABSTRACT

Two techniques viz., diffraction and strain contrast for identifying

large and small prismatic dislocation defects by transmission electron

nicroscopy are.described.' Large defects can be analyzed by inspection.
If the defect is a pure edge loop; the dislocation will have uniform con-

trast and, if faulted, characteristic fringe contrast ‘will be observed.

‘iIf loops are not pure edce, a double-arc dislocation image occurs contain-

ing a line of weak conurast that is always normal to the (p;ogected) Burgers
vector. Examples for FCC and BCC crystals are glven.A If the defect is
large enough the plane containing the dislocation loop can be identified.

A nevw me thod involv1ng 51mn7e tilting experiments away from the s = 0

condition in dark field is described which enables the sense'of the defect

to be determined (i.e., vacancy or interstitial)

For deLeCtS too small to be adecuauely resolved by diffraction con- |

i'trast dark fleld straln contrast 1mas1ng must be used It is showm how
- various kinds of poss1ble defect° can be dlSclngulshed and the conditions"‘

_ reguired to produce andhidentify strain contrast images are described.

s . ; . . -~
Paper given at the Honolulu Confcrence on Lattlce Defects, Septcmber,

1965. To be published (B. Ha51buu1, LdlbO”).
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A. INTRODUCTION
Prismatic dislocation defects are defects which lie on'the rrismatic
surface containing.the dislccation line~andvits Burgers vector. They. are
formed_as-a-fesult of interactions between point defects and/or dislocations.
.The'ﬁost common kinds are dislocation‘loopsifofmed from élust¢rea point
defécts (e.g., by quenching, irradiation or plasﬁic deformation) pris-
matically punéhed loops from ihclgsions, and ioop and‘diﬁole debris left
‘behind moving’dislocations (e.g.,'bj tensile, fafigue.or creep deformation).
A ndn;planér dislocation defect is the tetrahedron Qbservgd in FCC metals
£ low stégkingufault enefgy. No other kinds of dislocation defects_héve
been observed as_yet.. This: paper will be goncerned with the identification,
by electron microscopy and diffraction, of suqh prismaﬁic défec%s. Experi-
.'mehfs are described which al;ow different typés of defects to'be distin-
v‘ggiéhed,and it is hoped that £hevpaper will be useful to those who are
investigating the struétﬁres of quenched} irradiated or deformed metals.
Thé paper is not intended.as a review Qf‘ali the observations that have
beeﬁ madé of prisﬁatié defects, but fypiéal references-are gilven where
appropriate.h |
The problgm'of imégefdetection and analysis by_electron mic:oscopy
~.-ihv61ves two.similar cohtraét mechanism,.viz., diffraction contrast and
‘strain contrast, both_of.whiéh have been théoréticélly treated in térmél
of_the dynamical theory of élgctron diffraction for tw@ beam orientatiohs.l—3
wThé former mechanism‘applies to'large, reéolvable defects and is the normal
Waylby which defects aré observedl Difffactiénicbntrast arises due to ﬁhe
fact that thg atQmic'displacements gfoundva defeét.modifies the parameter s

(the deviation from the ideal Bragg condition in feéiprocal space) and

-



introduces a phase change in both transmitted and diffracted waves. The
pocition of a-.dislocation image depends. on the sign of the product (g.b)s
where g is the reciprocal lattice vector of the operating reflection and

:& ~\-.' o A J_. TN s "\ . )
b the Burgers ‘vector of the defect. Waen (g.b) is zero, defects are in-
s - - 1,2 = . g . .
visible or show weak contrast. Once g is uvniquely determined, and since
the sign of s 1s known from the diffraction pa%tern, the relative position
of the image can be used to find the sense of b and hence determine whether
. defects are - vacancy or interstitial in character (for review of diffraction
contrast see ref. 4). This method has been widely used for studying pris-

. .
matic loops and involves controlled tilting experiments using a geoniometer
_stage.5 A simpler method for.the enalysis of large defects will be des-
cribed here.
" Although diffraction contrast is suitable for analysing large defects,

_(.'. ‘v . ‘ . . :
it is'not-useful for studying small defects. For dislocation loops smaller
than about 200A, the imeges of their sides are not resolvable (the dislo-
cation image width is ~‘lOOA). Also, the strain field of the loop is
markedly affected due to interactions of the various segments' of dislocation
line surrounding the loop. Similar effects occur with small three-

dimensional defects. In these cases strain contrast imaging must be used

. and has been successful in identifying perfect and imperfect loops in

) ~quenched and irradiated copper,6’7
Strain contrast images afe obtained from defects when the crystal is .
»oriented close to the ideal Bragg condition (s ~ 0). . The images appear as . : o

black-white regions divided by a line of.no'contrast.3 Under suitable

diffracting conditions, the sense cf the displacement is found by inspection,
:‘» " i‘)

‘e.g.,for.vacancy defects: the bright side of the image is in the same
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© sicde the microscope
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direction as that of g (dark field image, positive print). The parameter

g.b is still important. in modifying s, although s itself does not usually

play a major role in the contrast mechanism. Again if g.b is zero, weak

or no contrast will.be observed. Very small localized sirain fields can

be detected by strain contrast but which may not give rise to any signi-

; ficant diffraction contrast. It is emphasized that while bright field

1maé1ng at the s >0 conal.’or for maximum -contrast is adeguate for the
ana;ysio~of'large dofects, dark field imaging at s ~ O is more soitable
for obser#ing smail defecto, or defects showing weak diffracfion_contraét._
For maximum resolution and contrast, dark field imogés must be obtained |

. : P S
by gun tilting as described elsewhere.o t must be remembered that after

‘gun tilting the odrientation of the specimen ié unchanged but the direction

L ; e a .
of g 1s reversed compared to bright field.
!

There is much confusion in the literature concerni“g the so=-called

. small "black spot” defects (brlvh* field 1maoes) because it is impossible
by 1nspection to decide wheuher these are three-dlmens1onal defects,. loops
or end- -on dlslocatlops.' However, in the dark field image near s = O, it

| is easy to distinguish between these possibilities by noting the type of

black-white contrast and the relation between the line of no contrast and
that of the direction of g. Care must also be exercised when investigating
these small defects, as they can be produced as a result of ion damage in-

9 lO

For analy31s of defeCus by contrast work two beam orlentatlons must -’

‘be obtalned and thls is fac¢11tated by u51rg a gonlometer tilting stage.
- Also,-uhe correct orlenuatlon between 1mage and diffraction pattern(l80°

j_plus the magnetlc rotatlon} must be allowed for before. attemntlng aﬁalyolsz}b
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(For reViewﬁseevref. LY. These conditions have all been met in the exampies
used.in_this paper. | |
| fhis papér will be in two parté; The first part is concerned with the
identificaﬁioﬁ of resolvable’defects by‘diffraction'contrast and is Based
on recent investigations of lqops in guenched ¥CC metals. A medel is
deséribed whichvenables.most defects;tb:be identified by inspection, and
in FCC crystals there isjno need for é.B*é 0 contrast experiments. The
‘:second part,deécfibes the use of dark field strainICOnt?ast imeging for

identifying small defeéts.

B. DIFFRACTION CONTRAST FOR LARGE DEFECTS

1. Prismetic Loops

There are two kinds of prismatic dislocation loops, viz., type 1, a
' . : N .
" pure edge loop with Burgers vector normal to the loop and type 2, a mixed
loop with Burgers  vector inclined to the plane of the loop. Well known

" . examples of thece in quenched FCC‘metéls are: Type 1(a) the Frank or

. imperfect loop enclosing a stacking fault withvg = a/3'<lll> and type

i

1(v), the diamond shaped (fhombus) loop with b = a/2 <110> which is nearly
perfect edgé since_the hgbit plane is near {110). Climb sources aléo be-
long td the latter cétegory, with fhe‘loop planes variable but usually
~ {001} or {011) with a/2 <110> Burgers vectors. ' Typé 2 loops are perfect
'léopé on {111} with b = a/2 <.10> (seelrefs; 11-13 for reviews). Examples 
of these various defects are shown in-Figs.’l—ﬁ,?,lO. It Qill be noficed
that fﬁe type 2 loops afe Charécterized by double-arc images whose lines bf
‘vno‘(or.weak) contrastlafeialwéyé.along <110> difections in FCC and BCC-v'

} crystals (e.g.,Fig. 12); ;This‘liﬁe isérefefféd £0 as.LC‘in this paper.>

Type'l loop is immediately recognized from the image.  Type 1(a) is a ;&f
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ﬁ, loop enclosing a stacking fault for which the characteristic extinction

ringes are observed if the lcop is larger than <the extinction distance

: - ) , 1 : : 3\ s A

for the operating reflection (Fig. 1la). Type 1(b) does not contain a
stacking fault but, becauSe it is pure edge, the dislocation forming the
loop is always in geod contrast at all positions. Such loops are different

from type 2 loops which exhibit double arcs and so can also be identified

by inspection (Figs. 1a,b).

In some cases, .€.g., gold tetrahedral de;ecbs are observed (Fig. 14)

whlch have characterlstlc projected tetrahedral shapes and associated

fringe_patterns.9’lu_l8 Thesé defects’can e d*stinguiéhed from triangular

Frank loo@s in that the latter have g a/3 <*ll> whlle the “tetrahedron is

bounded by a/6 <11C> édce partials, and so suluable g.b = O contrast experi-

ments can be performed for 1dent1f1cat10n9 as 1llustrated in Fig. 1(e).

‘Also the’ ch01ce of sultable orientation fac111uates observation, e.g. i

[OOl],tetraaedra project as squares (Flg. l(d)) while Frank loops project

_as triangles or hexagons (Fig. 1(2)).
The FCC rhombus loops (Fig. 1(a)) form by olimb, glide and/or rotation

'(for review see ref. 19). Whilst they wouid be expected to rotate from

(lll) to (110) to become pure edge, previous observations show that (110}

-<110> loops are not very common, conflrmlng the theoretical predlctlons of

'":Bullough and Foreman.eo In Fig. l(a)‘the'orlentatlon is determined by

; , o .
2? to be [013] and the rhombus loops lie on several

planes. Those marked R to the left of A‘lie close to (101) and are nearly
'puré édge and so have'uniform contrast; Loop A, however, has not yet ro-

taued 1nto the pure edge or*entatlon as shown by its line of no contrast.

From the geometry of the loop it lies very near (313), with sides along

 [I32] and [831]. There are also weak residual oontrast‘(é.g = 0) images

ot T e 45 gy b e

o epen o

AT s en e, § by mpn saren s

b e e by
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from both diamond loops on .(0Il) and perfect loops on (II1) with b = % [011].

Exémples of (neafly) edge prismé%ic loops are'also-expectod in $CC and'HCP
| metals, but, compared to FCC metals, relatively few observations have been
made in these_systems.

"Type 2 loops‘are commonly ooserved in quenched, irradiated, and de- -
 formed #cc; BCC, end HCP crystals (e.g., refs. 1,5, 11-13, 23-27) as well
28 '

as in deformed and annealed MgO. A model has been devised to explain

the origin of'double-arc'contrast from perfect loops in FCC crystals.and

@

which has been verified experimentally. _Wé shall review the model again.
“and show.its_applicability to cther crystal systems.

2. Double Arc Perfect Loops in FCC Crystals

Figure 5(a)(b) shows the v1ew normal to uhe plane containing a Frank

" loop (a) and. the‘perfect loop (») in FCC crystals. The dislocations bound--
ing %he loops will tend to lie along the three <llO> directions shown, the
 perfect loop has b = a/2'[ll0] ,hence the segments along [llO] are pure
';edge segments while the segments along [lOl] and [Oll] are mixed disloca-
t}ons. Vu cen be seen from Fig. 5(c) thau the extra half p anes of the
perfect loop lie aboye the loop along one odge and below it at the opposite
edgoﬂ The mixed segments can thus be rogarded.aé‘resolvedledge dislooation
dipoles whose separgtionvis a‘minimum at tﬁe two corners formed by the
‘ojunctioﬁ of the [lOl]’and [011] segments. At phése‘cofners the contrast p

N will'be expected to be o minimum because thepstrain fields cancel to somo
degree. The contrast then improves wiph distance from the corners and
becomes a méximﬁh dlong‘the two pure eage sé&menfs parallel_to [llO]. Thus,
the double-arc loop in FCC metals is characterlzed by a llne of no contrast

(1c) along that {llO] dlreCulon ‘which is normal to the Burgers vector.
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‘This line is normal to thé [113] direction (referred to as the D'axis).
In a micrograph the'projected <10> directioﬁs (which form a tetra-
hedron) can be obtained frém a suitably oriented.stereogram corresponding
vto-the'féil oriéntgtion. The lattef should be obtained as accurately as
?dssible, pfeferably from Kikuchi diffraction analysis.21’22 The lines
éf npvconfrast arevidentifiéd by comparison to the projection (see Fig.
2(b)) and since eééh.€110> direction is normal to Qniy one other <110>
‘direction, the Burgers vector is obtéined by inspeétion.8_ The loop plane
. is one of the two {111} contaiﬁing thé ﬁllo] line of né confrast, hence the
v “number of possibilities is reduced from fbur to fwou Further inspection.
of the-[llé] projections usually enables thévléoﬁ plahe'%o be.identified
uniquely,.éince,only ohg_[ll2] is normal to the [1I0] line of Qo contrast.
Any discfepanéy“ffom fhis.iﬁdidates fhat thefloop plane isino longef'one
of the (L11). y |
| :Figure 6(2) shows a summary of the'possibil;ties for férfect double-
n’, “arc loops;in FCC for'%he‘four lowest index orientations, Comparison of
9f actuél.iﬁages to suchidiaérams is usuallyvéufficient'fof unique idéntifi-
cation.} |
| 'Peffect'loOpé.ip-HCP crystals are also expected to’show double—are
.'bontrast. We have obser&ed such loops in deformed magnesium; but a com-
iéte‘analysis’of‘éll the possible cases hés not yet been carried out.+
Eaulte@lioops on (OOO;) with Eurgers vector [ObOl] will éppear exactly like

. Frank loops in FCC.(Fig. 1(a)) and show wniform dislocation contrast around

+ . L . N , e o
Rau (private communication) has observed prismatic loops on prism faces
7 in irradiated BeO. Such loops have IC parallel to the o axis with &

Burger's vectOrs:as predicted by the double-arc model.
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the loop and fahlt 1r1ngeo wi h n the loop if it is larger than the

extinction distance for the operating reflection..

3. Double Arc Non-Edge Prismatic Loops in BCC Crystals

The normal Burgers vector‘ianCC systems 1is a/e <lll§land siﬁce dis-
lécations will always tend to lie along tﬁe cloée packed directions, the
"pe*fect'loop is expected to"iie oﬁ {110} (as these contain the two shortest
equilength <lll>) with the magor axis along [110] and the minor axis_aloﬁg
~that [001l] which is normel to the major exis. The Burgers vecto;s are one
of the two <lll$ possibilities each at 55° to the loop plaﬁe, The {112}
.'planes are unlikély hébit‘planes because only one <lil> direction is con-
tained by fhis plane and no <001> direction which is the ﬁext shortest
vector to <1li> iﬁ BCC systems. However, the (001) <111> is also a pos-
sible prismatic system. Loops on this system are expgctéd to be squére,.

" with sides along the two gOO;} directiéné.f ip déférmed‘meﬁalé, however,
'the‘ioops or dipoles can.haVe any Ehape depéndihg on their mechanism of .
iformatioﬁ. Uhlike the {lll} <011> loons in FCC, neither {110} <111> nor
{lOO] <lll> contain a pure edge segment. Nevertneless, 51m11ar arguments
apply in that the extra helf planes correspoﬁdipg to the edge dislocation
-combonents lie above and belcow the loopé abouﬁ one of the <iiO> axes of -
‘.the loop, and, hence,'dipol; elaxesion will occur at one of the sets
’f_df‘opposite corners; Thus, as in FCCvsyQtems, the linés of no contrast.
.gre é1so along <llO} and, in fact,'are the <110> norﬁals to the pro- |
r jeéted 5/2'<1ll> Burgers vectﬁr, both for {Oll) and. (OOl} loops.
.Pence, the <llO> progecbed teura edron serves for both FCC and BCC

) systems. : " In the BCC systems uhe loon plane can be unlquely 1aent1;1ed

but for {llO} loops, each loop has two p0551ble Burgérs wvectors
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and for:{OOl} loops there are four nossible Burgers :vectors all of which
are~symmetricallabouz the loop plane.
Eyre and ﬁullough29 heve also considered the types of prismatic locps
tnat'are possible'in irradiated BCC metels and predict {110} loops with
b = a/2 <llI> or a <bdl>. The a<001> loops have been observed in quenched
: bmolybdenum3o and irnadiated iron%7 and several.workers have identified loops
with'g‘= a/2 <ll‘l‘>.25_27 Eyre and Bullough, on the basis of elastic energy
considerations, conclndediﬁhat both the 2/2 <111> and a <001> loops are
initially rectilinear and lie on {llO}_but.should éfow into circular loops
'and rotate into'the pure edge orientation, jﬁst as perfect:loops,do in PCC
oivnetals (Fig,.l(aj)., However, . the <OOI§ BCC loops usually retain square
'Asnapes'probably because of.the;reduction in core energy when the loop sidesl
lie along the <100> directions‘innthe <IOOl>.plane.29 'Such changes can be
.! detected in the microscope, since the {OOl}‘<lll}, {Oll} <llI>, of {011}
'i <OOI>4(non—edge type) loons should show lines of no contrast and these
lines should disappear if the loops rotate into the edge orientation (as
.‘.for “hombus loops in FCC, Fig. lka))
Figures 8(a), (b) show tne aoub e-arc contrast enpected from.perfect
loops in BCC metals. The basic geometrical features for.FCC end BCC loops
' are-summafized'in_Table L. - |

L. Determination of the Sense of the Loop (Vacancy or Interstitial)

The method involves the relation of the image to the parameters g and
’l S. Various techniqnes have been described for determining the sense of the

~Loop. (vacancy or interstitial), hone of wnich are particularly convenient

5,08

-as they either involve difficult large angle tilting experiments, or

31

.remOVing the fOll for x—ray idenuiiication, since it is necessary to

-

~obtain the unique direction'offé.' In an arbitrary spot diffraction pattern,
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unless a Kikuchi eattern is also present, ﬁhe choice of plgs or minus g
vectors is arbierary. we-have'found:a simple way of determining the unique
orientation for the general situation (i.e., when Kikuchi analysis is not
possible), which involves detefmining the top or bottom surface of the

-v foil,8’32 The.rules that govern the intensities at the top or bottom are
the following: in‘dark field the contrest of a slip trace, dislocetion»
line, stacking fault or any defect either extending through the foil, or
lying close £0 either'surface, is strongest at the tep of:the foil'for

s negative and at the bottom for s positive under conditions where absorp-
tion contr ibutes to the vmeee (i.e ,Jn thick reglons) This is illustraﬁed
‘foé stackihg faults in Fig; 9 and TFrank loops in Fig. 10. - This rule can be
used to determine apﬁroxiﬁately the depth in the foil at whieh‘defects ar

. located (eee also Fig. 16). Thus, after a foil is examined it is necessary
only to find an 1nc11ned extended dlslocatlon.or cause a Sllp trace to
occur (e.g., by beam heaulng) and perform s % 0 experlments in dark field

from which the sense_of_slope of the loop plane of interest is determined..,

If the loop image is taken at s > O and the Burgers vector makes an acute

' angle with the upward normal to the habit plane, then, if g.b > 0, the image

of a vacency loop will lie inside, and-thatkof an interstitial loop out-

.side, the true projected imaée-of;the loopl 2,k The reverse is true for

g.b < 0. An example is shown in Fig. 10 Where'fﬁe loop A lies on (II1)

' sloping downward from bottom right to.top left as determined from the dark
field at s £ O (Fig}'lo(a),(c)).' Its'lmage is larger in (a) than (c),

" mekes an obtuse angie with b = a/3 [lll] and s > 0, hence (g.b) s <0 so

‘that loop A must be a vacancy loop, as expected after qpenchlng.

Ll
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Table 1. Identification of double-arc imeges from

perfect non-pure edge prismatic loops

Anglé
- between
. b and o
Loop ) Burgers loop Crysgallography of Loop
Crystal plane  Number  veetor plane  loop” ~ sides
FCC (111) - (%) e/2 <110> 5k.7° IC <110> normal to 5 along <110>
D <112> normal to IC
(110} (6) = a/e <111> 54.7°  IC <110> normal to b - along <111>
o " D <100> normal to LC
BCC '
, v
'l . N . ' | .
) Y
{100} _(‘(3) a/2 <111> 35.3%  LC <110> normal to D along <10C>
D <110> normal to.

LC

IC refers to direction of

opposite diagonal.

line of no contrast and D is the direction of the
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5. 'Experimehtal Verificaticn of Douvble-~Arc Model

(a) TFCC crystals .

Experimental confirmation of theodouble-afc-model isiafforded by the
'usual filting eXperimenfs.to obtain the é}ﬁ 0 condltlon for invisibility.
Figure 7(2),(b) shows an ekample, in ng. T(a) one[O20]reflecb;on-onerasesﬁ
The same area is shown ine ?1g T(b) Loops A, vhich are visible in (a), have
their IC along (110], predicting that the Burcers vector should be a/2 [ilo]
and thus should be‘lnv1s1ole for g _[220] as is the case in Flg 7(v).
'»‘Loons B have llnes of no cont rast along. [110] predlctlng that b = a/2 [ llO].
so that they should be v131ble for both' uhe[OQO]and[220]reflectlons . That
this 1s sO can be’ seen from Fig. T.

Many examples of double-arc loops haVe already been'discussed'in detail
elsewhere,8 50 Onlyza few illdstratioﬁs.wili Be used again here.
E Figure 2(a) shows Gouble-arc loops. in quenched aluminum. The foil
orientation is [013] and the correspondihg <llO> projections are‘shown in
the stereogram of Fig-. 2<b).. Loop A has its EC projected along [110],
:Henoe its'Borgefs vector = a/2 [ilO].-_The projeotioh of ﬁhe D axis lies
-along (121] or [1121. However,,oniyicligj is normal to [110] (Table 1),
hence the loop plane is (lll) .

Figure 3 1llustraues the ‘use of Flg 6 for 1dentify1ng the loops.- iﬁ o
| (a) the loop must be'loop A on (lll) with b _a/2 [110] and the inclined
loop in (b) must be loop B with b ;_a/e lOL] on (1 I1). In Fig. 1(a) faint
_double—arc loops are observso, S0 the.Borders; vector must\lie at a smali
vangle to the_1n01dent beamn, wneno é | O for dlffraction contrast. How-
'ever, the -displacements normal so.the.Burgers' vector (along [OOl])_can be

utilized to form a strain contrast image. This is shown in Fig. L for



C- 13 -

: dark fleld under dlffractlon cont rasu \a) and straln COntrast (b). 1In
Flg 4(b) the sharp lines of no contrast for the two loops are normal to '
[OOl] as expected.8 It snould be noted tnat pure edge .loops where g b = . 0
may also éive'rise to apparent lines of no contrasU. However, these llnes'
'wiil aiweys be:normal‘to é and are easily distinguished fromfnoﬁ—edge loops.
During observations of ciimb, the‘unfaulting~of Frank_loops~can
immediateiy be detected by the change in'contrasp to.double arcs. ther
“examples of double-arcvloops have been observed'in deformed netals snd~many
examples eéistiin the literature (e.g.,'ref; éB). .Fiéure 11 shows examples
of'dipoles'and double-ercploops rormed in ultrasonically”irradiated aluminum.33
The lines of no contrast all lie parallel to <L10> projections. . For example,
~ loop A'nas IC along [110], D along [.1i2],' hence the loop plahe 4s (111) with
Burgers. veetor-a/Q [liO], » |
(v) BCC metals -
The excellenu agreement between the double—arc model and observations in
FCC metals was also. found for BCC metals. Both {Oll} <llI> and {OOl} <lll>
type ;oops'have.been identified.._Figure'lQ(a), (b) shows examples of the
latter case observed in Nb tensile defroﬂed 5%.(coﬁpare,po Fig. 8). The
smail ioop-in ﬂs) fits very well for e'(loo) loop with‘Bﬁrgersr‘yector
g (111] or % [ill}. Similar examples ere shown iﬁ'(b),ﬁhere the loops are
| - elongated intd dipoles.;_Figure 12(c) showsvnumerous double-arc dipoles,! |
',1,also'ihTNb after lb% tersile deformation.  The loop sysﬁems; A. C, D can
:;be identifled with the <110> llnes of no conurast shown in the inset.  Those
a

_rmarked A correspond to (Oll) loops with b 5 [lll] or 5 [lll]. Slmllar

' results apply to the loops shown in Flg. 13 ob tained from deformed tantelum.

The c1rcled double ‘arc loop hes Ic along [rOl] and D along [OlO) e uhe loop~



plane is propably (101), with Burgers vecpor af2 [111] or‘a/2 (111].
ASince g ; [I10] any loops wiﬁﬁ b = a/2.[lll] or af2 tlll] are invisiblel_
| In uhe BCC case, each douole are loop can elthcr have two ‘possible .
a/2 <111> Burgers vectors both of whlch are normal to the <1lO> llnes of
no contrast. Which of the two actually ex1st can be dec1aed in the usual
way from‘tilting experiments to flnd the gib':lo situation. Tpps, whilst
the loop planelcan'be identified"the upique Bergersf‘vector cannot usuvally
| rbe obﬁalned oy lnspectlon of +he 1mage as 1t can for FCC crystals.
Pure edge loops are also p0551ble in BCC metals. These would be_of‘

:tne type {OOl} <001> or {llO] <001>, i.e.,loops'wpose Burgers vectors are

‘ , ‘ : 30 A

normal to the loop plane. Evidence for the former has been found and will

be discussed in the second'part of this vaper.

o . There has.been only oaevreport of observapions of defects in quenched
;-BCC meuals (Meakln et 21,50 ). Figure lﬁ(a) is &n example. The foil is
near LOl2] and the inset shows the <110> projections. The strong double;
:arclloopslhave‘their~LC along [lbl] ahd D along [OlO] these being the only
i directioﬁs possible for oop.dlagonals, S0 the loop plane is (I01). The
'_.BurgerS‘~vector'is either a/2 lll] or a/2 [lll] but since g. b O for [111]
ﬁvbthe Burgers - vector must ‘be a/2 lll] |
Examples of double-arc loops in Fe© and protop;irradiated iron ‘can be

2T

‘seen in a recent publication by Nasters. , Masters'concluded that the loops
'vproduced by Fe ions were pure edge type,-lyinglon thO}; 'A comparison of -
“his micrographs-(efg.;Fig. 3)-with'Fig.L8(b) of our;paper shows that some of
the loops are-probably not'pﬁre eégelbut perfecf Loops of.the.type {OOl}

<lll>, since the appearance of loops w1th double—arced images- shows thau

uhey,cannotlpe pure edge. . The exceptloq arises with apparent double -arc
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contrast which occurs from pure edge loops due to residual contrast in
orientations where g.b = 0. 1In this case the LC direction is always normal

et

. - ~ to 5. Examples can ve seen in Fig. 1 of Masters' paper.”

. C. SMALL DEFECTS AND STRAIN CONTRAST. IMAGES

1. General Introduction

Ashby‘and Brown3 first demonsfrated the usefulness of'darklfield
imaging for the analysis of small pre01p1tates or 1nclu51ons.' Later Bell
eu‘alu6 and Essmann and. Wilkens' used the uechnlque to identify small pris-

34

’ mafic‘losés‘in copperl Tunstall ef al.” considered the sfrain eontrast R
: imsges ffom'end—onbdislocation images. The'fesults of these'investigations
.,and some recent work done in our labbretory provide sets of experimental
ilrules whlch engbles tqe identification of defects to be carried out unam-

blguously. These rules are'based.on'derkvfield images‘andidepend on the
shaue of the black—ﬁhite lobed‘images aud“the line of'no‘CCntrast (both of
lwhlﬂh are characterlstlc of straln contrast 1mages) W1th respect to the |

"l operatlng reflection. The rules are summarlzed in the followlng:

' <l) Plate-like defects give goud'strein’contrast iuéées urovided_.
fthe‘nosmal te.tﬁe plane of‘tﬁeidefect‘lies normal to the
Uincident beam ts within about 15°. : These 1mages must ‘not be

confused with double -arc iuages or with images from’ loops:
'Awhose Burgers vectors are (nearly) parallel to the inci-

dent beam (see Flg M)

':”‘(2} Pure edge nrlsma+lc planar delects (i e;,lE normal to the‘

f”hablu plane) glve rise to symmetr*cal black-Wnlte lobed
1mages d1v1aed by a line of no cortrast normal to tne‘

'(urogected) Burgers vector 1rrespect1ve of the dlrectlon of g-
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(3) Prismétic planaf defecﬂs whose Burger's vectorévaré inclined
- %o_tﬁe habit plane have a étréaked black-white image that is‘
‘not ﬁcrmal to tﬁe line: of no';ontrast‘(except in-special.
orientations*). The direction of stfeakihg usually lies
" parallel to the normél to the habit plane buﬁfthe line of
: ﬁo contrast always lies normalvto the (projected) Bﬁrgers
vgctor irréspécﬁive.of the directioﬁ of g.°
(B)‘ End-on dislocation images havefblack-white contrast lobes
'.which are symmetrical about the line of no contrast._ The
latter is always parallel to the direction of . Plate-
'jllke defects would be in v151ble in this constlon because

= 0. Unlike small loops, the arrangement of the black- -

ot

4 white image depends on the sign'df S.
l _(55 Spﬁeriéally symmetrical defecté have bléck—wbife lobed images .
| Hwhich afe symmetricél abouﬁ thé'line'§f no‘contrast. AThe B

: Viafter is always normalAto thelﬁiréction of é.

(6) Oﬁher three-dimensional défects:maylabﬁear similarly to thése'
vdf case 5, but may be recognized b& havipg characteristic.
shapes depending on the oriehtaﬁidn. For example, small
ztetrahedral aeLects in [lll] f01ls of FCC crystals exhibit

- a V-shapeg line of no contrast dividing the'blackfwhite

" parts of the image.

t

. g. in the [001] orientation (cubic) botﬁ (111] ana [llO] lie alonn 1‘
" the same dlrectlon so it is not poss1ble to dlSth7ulSh between these
Burgers vectors. However, if IC lies along[Oll]parallel to[OlO],etc;,'
 +then b must be [Oll] or [OlO]
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(1) For high order ref}eetions;ithe relation of the image from
prismetic defects gs vnique wiﬁh respecﬁlto é depenoihg on
fhe laﬁtice,displacements, except ﬁhen the extinction dis~ -
tance 1s an appreoiable fraction of fhe foil thicknessl(e.g;,

:in foils of light elements);. Thus, . in a'positive photo-
. graphic print, vacancy type defects have their wﬁite images
"to ‘the same.difectioh as'é‘and vice versa for interstitial
| defects. For small prismatic defects this sense of the’
image is not affected by the sign of s. This is true whether
Aof not the images are produced in dark'field.mrbright'field 35
. .contrary to the result predibted by ﬁhe dynamical tﬁeory used
‘H‘: .by Ashby and Brown 3 : . . g “.‘
Figure 15 shows how these maln types o; defects can. be dlstlngulshed
' byhlnspectlon of the 1magea and the‘dlrection of g, and examples are shown
' te1n F;gs._l6-21, It may happen that 1n certaln orlenuatlons a 31ngle photo- A
© graph me& not provide the unique answer. ;All that is neCessary in these
‘cases,;s:to‘tilf the.foil 50 ae to chahgezto a different.operatihé4£eflebtion
© and then compare again the two‘imagest Thus,-images'where IC is neither
" normal to, nor parallel fo, g correspond\fo piahar defects. Hence, in FCC
 eor BCC'orvsﬁals any reflchlon not parallel to a (proaected) p0581ble :
7£;Burger s vector Wlll unlquely 1dent1fy the loop. _' ‘

The use.of‘dark fleld 1mag1ng techniques under‘two beam’orientations.

.~ for strain contra3u work is par lnularly 1mportant for several reasons.-

""5 i(l) The p051t10n of defects glVlnw'rise to strain contrast dark field imé@es

? can e approximately locatea within the f01l because of the 1nten81ty depen»

dence on depth vhen s is not zero (as 1llusUrated in Fig. 9). 32 - For s



- 18 ;

negative,defects near the top are in good coﬁtrast, while for s positive,
defects near the bottom are in good contrast (Fig. 16). Thus, any depth
>dependence of the image intensity'can be characterized by dark field filting
.eXDerimenés. (2) The darx fleld 1mage is symmetrlcal about s = O with
‘:Vaax1mum dlffracted 1nten51ty in the center of the contour correspowdlng to
“the reflection being imaged. Uhder this condition all defects can usually _
be observed (except if g.b = O). (3) Dark fleld images obtained by tlltlng
the gun have'enhancedlresolu ion over bright field 1mages because of the
lower amount;of inelastically (background) scattered radiation that is
bpresent. The resolutlon llml for small defects is brobably of order lOA.3
Some care must be exerc1sed in 1nterpret1ng.the observed 1mages.w1th
| those predicted'b& the dynamical theory as used by Ashby and ﬁrowh,3 as we
ha%e fcund some disagreemenf between observations and theory. We ao not
wieh to debate these isaaes ﬁow, since hefevour intenfion is to provide a
'¥ set of reliable experimental'conditiohs_fof idenﬁifyiné defects. Our results35.
which differ“fi«o'm those predicted theoretically ‘are-“' |
(l) Brlgbt ana dark field lmaaes are 1denu1cal (1. ey the same
black—whlte sense) from de*ects lylng at all p051t10ns with=-

» jln the foil except perhaps very near the two surfacesf ‘This
!result is different‘from'fhebcase'of images of dislccation'lines
fneaf the.bcttom surface of the”cfystal where bright field and_
.dafk field images are chplementafy in hature}

(2) ReversaTS in the sense of the 1mage when the defect is of the : .

. same sense (1 e., vacancy or 1nterst1t1al type) sometlmes occur”

This s1tuatlon 1s unllkely to oceur because prlsmatlc defects very clOSe

“to either su*face will tend to anﬁeal" ouu.
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forblow order reflections;(e.é., [lll].in FCC [110] BCC, etc.)
‘bub disappearéffor high order reflections. Thus, to avoid

' possivle confusion in analyzing the type of defect it is

,"recommended thaﬁglarge valuésvof g be use@.'

(3) The Rrisibiliﬁy‘(but not the sense) of the strain contrast

’ dark fiela image dépénds on tbe sign of s--those near the top
are seen for s < O and Qicé vgféa for s > 0. At s =0, de-
feéts are visible;ﬁhroughout the foii_thickness, sq the visi-
bility 1s not conflned to the top or bottom half éxtinction

dlstances.32

Figure 16 shows an example of the effect of s on the visibility of

'¥4strain'conﬁrast images from loops in defofmed Ag. The defect M is in goecd
‘contrast for all three conditions shovm, hence 1t must be located near the
center of the foil. Those nearer the top and bottom surfaces are marked

T and B, respectively.

() Maximum gontrast»occﬁfs‘at foil thicknesses of nto/h (e.g.,
see Fig.. 18) where n is odd (to = extinction distance for -
. the operatihg'g). This cprrésponds'to a grey background, as

one would expect 1ntu1t1vely.

‘5'f(5). In some cases the sense of the 1mage depends on the product . }}'

-(g b)s, as. for dAffraCulon con rast. This effect is assoc1ated
with larger_defeCus or s1ng1e dlslocation lines‘which show
diffraction contrast.

With the above condlulons and rules satlsfled experlmentally 1t follows"

that unlque 1dent1flcatlon of small defects by strain contrast Lmaglng is %{f

5‘30551ble from 1nsnectlon of one, or at most two, dark field photograpns of
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'f;Thls empha51zes uhe necessity of 'using dark fleld techniques for analysis.
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the seme area. The following describes some applications of these results

to uhe analy51s of prismatic defects in quenched or deformed metals. The

same. uechnlques will apply in the Suudy of subSuructure in 1rrad1aued )

F

2. Quenched or Irradiated Metals

'The'degeneration of a supersaturation of point defects can result in

_ one or more of the following'types of lattice defects:

L Ciusters'of various shapes,;collapsed or "loose"
(with hiéh'locel poinp'defect'conCentration);j_
i three-dimensional roids. ‘ - | |
é;'.Three—dimensional_aggregapes, e.g; tetrahedra of

stacking fault.

:3. Planar dislocation defects. -

Defects of type 1 can be identified by tilting experiments to change the

‘ directioﬁ of é (Fig. .15(Lv)). So far we have not observed small spherical

clusters of point defects buu small teurahedral shaped defects have been

observed in qpenched 51lver. An example is. shown in Flg. 17. It can be

B .seen from this photograph that rn addltlon to the small tetrahedral defects ,
'4.4 marked T (compare to Flg. lS(v}), planar derchs characterrzed by images |
vlip‘snown in Fig. 15(1) and (ii) also exist These are perfect {lll} <Oll>

":f- loops narked P and Frank loops marked F (compare to Fig. 18) In brlght

Lleld such small defe0us appear as black dots*when v1eWed away from the v  _4{

*f 1deal Bracg orlentatlon and. cannot be 1dent1f1ed (see, e. g.,ref. 13).

' Table 2 summarizes the case of prismatic loopsvin FCC and BCC t ﬁf

. erystals. Figure 18 illustrates how the dark field imegeAdistinguisheS'

- between Frank loops A, C and perfect loops B;pD invqnenched?copper (Fce).
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Table 2. Strain contrast images from prismatic loops in
' FCC and BCC metalst

© System - Loop plane ) Burger's vector - Image charaéteris’tics2

. 3 . I C o : .‘LC normal to <111> proj.; image
FcCo .o . <1l>  symmetrical about LC, i.e.,
' ' - e ' ‘ ‘streaked in <111>

'_Ilil}- -+ <10> - . | IC normal to <110> prog., image
: T : ' . skewed about LC in Q11> proj.
direction
L~ (110}~ . <16 'IC normal to <110>; image
a o e S ' symmetri%al about LC, streaked
o in <110> o
BCCY 0 (001} . o <001 v+ . IC normal to <001>; symmetrical

image streaked in <001>

"nif;:*i;;f:'i'-..mj 1""13§ <111> PT.‘JL'_LC ndrmal.toi<lll> Proj.; image’
o S B .- skewed about IC in <001> =~ -

(110) .- <1 .0 IC normal to <11l imagp
‘ I : ... skewed about LC in. <110>

':ll.' For loops nearly edge-on in the foil.
‘2. No dependence on direction of g. -

Bimilar rules apply to HCP crystals.

”f‘h.u‘Except in: symmetrical cases when (111] [l O] coincide; skew direction
corresponds to the direction ¢ in.Fig. 15. Also, if b is parallel to

- beam,. the direction of LC will be normal to the displacements normal to bi ‘
5. Predlcted - no experimental verification available as yet. '
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-~ More details‘of‘these results are published in ref. 6. .By comparison,

" the imaées of‘en&-on dlslocations in aluminum are shown in Fig. 19(a),(d).

" Here the‘seﬁse of the image depends on the sign of.(g.b)s indicatiog'an
appreciable#contribution of s, and hence diffraction contrast, to the image.
However, tﬁeAllnes of no oontrast are parallel to é, onlike the examples
“in Figs. 1T and lS.,iFigure_EO shows examples of strain conprast'images

'i,from TOows of’ihterstitial'type planar defects}presumably due to prismatic

:'punching‘from'inclusions)and illustrates the excellent contrast in this

case in bright field. That these are planar defects is shown by the fect
" that é makes‘h59‘angles.to the IC direcfions. The orieptation here is such

'fthat both.[lllj and [110] are coincidenf noraals to the llnes of'no contrast.
The dllectlon of the black white contrast sbows that the loops must lie on

_3{111} (Table 2) but due to the symmetry it is not-p0351ble to unlouely define

t;the Burgers vectors. Thus, in general [OOl] orientations and similar ones

.4'j should be avoided if unique 1dent1flcat10n 1s needed. |
Flgure h(b) 1llustraues the use of 'residual” strain contrast images
f:+o resolve defects when g b = Of 'Here the.displacementsrresponsible for con-
“l':traSU are normal +o b, i.e ,along [OOl].normal.ﬁo LC_(in.FCC metals with -

. - a/2 Qlo>)

Slmllar analyses can be applied to defects 1n BCC metals. Figures

TJflu(b) and 21 show examoles of straln contrast images in quenched molybdenum

.1fi1t cen be clearly seen from Fig. 21 thap almost all the loops have lines of
:fno‘contrast normal to projected <100> with'symmetrical images“streaked in

F1;,<OOl>. TheSe loops are therefore’ pure edge loops on (OOl} with b = . [OOl] .
30 '

"u_conflrmlng the results of Meakln et al. However, several loops have

('”atheir 1c normalvto prOJected <lll> (see oircled regions Of Fig. 21) .. ¢
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. end from the direction of the black-white streak‘they also appear o lie on
{o01}. Hence, both a <001> and a/2 <11> loops exist after qaenchlng
.Slmllar results are expected to apply to 1rrad1ated BCC metals for wnlch
as yet no straln contrast analyses have been reported. |
Flgure lh(b) also shows that the magorlty of the strain contrast images

’afe‘from'loops with b = ’ a <1.00> (e.b., those marked A; whlle a few have
5 - a/2 <1ll> e.g8. at B

',The analy51s of loops in several defofmed_BCC metals confirm'the

1eiistence of small prismatic loops,with b = a/z <111>. Examples can be

lﬁl_ seen arrowved in Fig 13. The dlrectlon of black-whlte streaklng in unese

‘.i cases suggest both {001} and {110} habit planes.

D. SUMMARY -

' 3751; Lerge Defects

The double-arc model which is proposed to explain the contrast observed

-1from non-pure edge prismatic loops'fits obsefvations very well for per-

ﬁsg*ifect loops in FCC and BCC metals. ?reliminary results indicate that the .

":;'appllcablllty of our model to hCP systems is also valld. For non-pure

" edge loops, since “the Burgersx vectorsvmake acute angles to the dislocation

‘ Qtfloop, the dlpole relaxatlon that can occur at opposite corners is appre—'

WK':c1able, leadlng to detectable lines ot no contrast. These lines of no

| ;f'contrast are always along the long diagonal of the loop (except in {001}

"-7f<1ll> BCC loops which are sqpares, hence each loop can have elther of . two

‘“fllnes of no contrast (Flg 8(b)) and this fact can be utlllzed to stady

5jany change 1n loop plane durlng cllmb or gllde. An example is the conver51on

”f;of,{lll}‘<Oll> loops‘towards {Oll} <011> rhomous loops in quenched FCC .
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'metals.‘ If the loop goes all fhé way from [lli} to. {011}, the major axis
‘; changes frbm <011> to <100> hence the 1iﬁe of no contrast gradually dis-
appears énd a new one appeérs along the major axis. ‘This nev IC gradually
aisappearsuaé the pure edge qrientation is approache@. An example can be'
seen at A in Fig. 1(a) where ILC lies close to [161] projected. When this
loop was on (111) its line of no contrast would have been along [101].
© This latter direction is now the'shoft axis of loop A.' ioop A_m&st lie

. very close to (3I3). 'The major axes of loops R to the left of A lie along

valO] projéctedj these_loops do not have lines of no contrast so must be

nearly pure edge and lie on (lbi). We are currently investigating such
: loop rotations in more detail.
Determinatidn of the loop plane is possible only when the’ loop is large

"~ enough so that the directions of the loop sides and axes are resolvable.

" For FCC metals, although eacﬁ_possible <110> IC is4common'£o two {111}

" ; planes, the direction of the only possible <112>-axis can usually be found

'} :to uniquely identify the'loop (as,'é;g, in Figs. 2 and 3). The Burgers

- vector is immediately found by inspection of the <110> LC directions. In

- 'BCC metals the loop plane can be' identified but each plane has two possible

o g-<llI> Burgers vectors and further tilting experiments to find g.b = 0
. are required.
' Both the habit plane and its sehse of slope must be known before it

" can be decided whether .the loops are vacancy or interstitial in character.

'7‘f]izwe have shown'hb% simple tilting experiménts,in dark field about the s = O

" position can be used for such determinations. The solution of Kikuchi
- electron'diffractioh patterns also enables the orientation;to be obtained -

: ‘.uniquely.‘ Both vacancy and interstitial perfect loops are expected. to
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to show liﬁes of no cohtfast and solexhibit a double—arced.appearance.
Although we bave.not yet specifically investigated'interstitial loops,
| doable—arced loops can be seen in other pablished microgfaphs (e.g.;in -
refs. S, 31).' | i
A pure edge loOp parallel to the-plane'of the‘foil, observed by resiéﬁal

" contrast (i.e; diffraction contrast from é.bﬁ s where bp are resolved dis-
placements normal to b) may also exhibit double-arc contrast if the resi-
‘dual strain on parts of the loop is normal to g (see e.g.,. refs. 23, 36).
Thls is a trivial case, however, and is recognlzable by the fact that LC
is always‘normal to é. When large perfect loops are viewedjedge—On with
b in the plane of the foil, the line of. no contrast is parallel to the

f viewing'directiop and the image appears as two dots separated by a line of
;»"Vveak or no contrast. .

In FCC metals, Frank loops may also appear to show double-arc con-

T

' m,fctrast.37 'If the loop is_small,and the diffracting conditions are suchAthat

"il.g.b =0 or % 1/3, then the loop dislocation image is not.visible, but the .

: [;extinction friﬁges, if'black-white—black, may lead to a double-arc appear-

"ﬁ:vance."However, these fringes are always parallel to the foil surfaces and

will not satisfy the conditions for true double-arc images (Tablell) except

“"f‘ln spec1al cases.. If loops ao not exhlblt double-arc contrast it can be

"”'.ﬁ concluded that they are (nearly) pure edge in character.

"_.;2. Small Defects and Strain Contrast

" When ‘loops,. or other prismatlc defects, are smaller than about 2004
{they appear as black spots in brlght fleld and away frcm the 1deal dlffract- v
.“ing p051t10n,and cannot be 1deptif1ed. However, as shown 1n thls paper,' |

.iithe strain contras» image ootalned in the two beam aark fleld condltlon



- 26 -

near the ideal.diffracting ﬁosition‘eﬁables the‘type of'defect and its
.senSe (vacancy 55 interstitial) tovbe uﬁambiguously idenﬁified_by not more
iithan‘two photographs using different reflectiens end neting the sense of

‘the elackQWhite image, the line of eo contrast and the direction of é.

' The dark field.image aiso enables larger defects which are in orientations
..‘g1v1ng rise to re51dual le raction contrast to be oboerved mo*e clearly
-"-.(e g., Fig. L.

In order to avoid possible confusion in 1nterpret1ng uhe sense of the
Yifiblack-white image in serms of vadancy‘or interstitial defects, the use of-
,2s high-order reflections are recommended, sinee it has been found that for'

v‘{the.lowestloraer reflections, reversals in contrast from the same type of

35

'-.defect occasionally arise. The reascns for this are discussed elsevhere.

.

' . The position in the foil of small defects can be found by tllolng experi-

"ments about the s = 0O condition in dark field.
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FIGURE CAPTIONS

Examples of‘prismatic dislocaticon defects in quenched

' FCC metals.

Aluminum water quenched from 550°C aged 10 min 100°C,

‘showing three'types of defects: Frénk loops F, per~

. fect loops on (111} P, rhombus loops R. Notice the

4

lines of no contrast parallel to <liO> for_éll P

loops, and some R loops exhibiting residual contrast.:

' Orientation near [013] (compare to Fig. 2(b)).

Rhombus edge dislocation climb sources and double-arc -

... loops in quenched Al-5% Mg alloy. Orientation [112].

(@)

M{‘The perfect loops can be identified by ;omparisdn .

“with Fig. 6(b).

Helical-dislocatiOns'and‘perfedt loops exhibiting

. double-arc contrast alang (o11] br“[Oilj in quenched

1

ALl-5% Mg ailoy. ‘The helites with b ='a/2 [110] are

= invisible.
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- (&), Large tetrahedra in quenched gold. Overlapping fringe
contrast can bé obserﬁed at thé defects. Orientation
near [00L]. '_vi

,:  (e)  Small tetrahedron in quenched Ag showing stair-rod

'~ dislocation comtrast. The stair-rod parallel to-

& =[220]is invisible. _Orientatio% near [111].

“ﬂDouble arc contrast from‘perféct'loops in quenched »'

-~

" aluminum. Orientation.[013] the inset shows the pré-' 

. jected <110> tetrahedron. -

‘ﬁvsteréographic projection‘df [013] corresponding to

H .

" (a);* Loop A in Fig} 2(a)vhés IC along [110]; hence -

“;73 ='a/2'[i10]; The D‘aXiS>lies.aloﬁg tlié]; 20 the -

i {iloép-plahe is (ill).‘,?:}i;f
jFiguréf3(§Qb)ﬂDouble arc perfect loops ingéﬁenched'coﬁper,'iliﬁs-:;4t 
" trating the use of the double-arc model in Fig. 6 =~ -

"{to'identify'défect systéms,f-Ini(é); the loop A is on



Figure 4

(e

hy

x'l?k:f;;i}figuré 5.(ale:

(‘b‘);ff'
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(111) with b = a/2 [110] and () loop B is on (1II)

> -
with b = a/2 [I01].

 Dark field images of perfect loops in & [110]

Quenched aluminum foil.

s # O double arc with lines of weak contrast parallel

. - - . - - - .
to [110] indicating b = a/2 [110], whence g.b = O for

diffraction'contrast: ~The loops are observed by resi-

. . _5"‘
- dual contrast from displacements in [00Ll] normal to b.

Same loops at s ¥ O; the strain contrast image shows

sharp lines of no contrast normal to [001].

View normal to the plane of a Frank loop on (111).
zfiMissing B atoms represent.thevénclOSed intrinsic__7v

| stacking fault. .

Same loop after convefsioh'tb a perfeét ldop with .

B o= a/2 [110]. Extrs-atoms between A and B positions
"7,3 afeAbelow[the loop plahé; ﬁhbsefbetween B and C

 v§ositions.above the looﬁ pléné. A
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r‘(c) side viéw of tﬁe loop in (b) showing'the gxtra half
.pianes‘aﬁove.and beléﬁ the loop abgut tﬁe [110] axié.
o g';' Fiéﬁrélﬁ' -,;i fétfahedra-boﬁnded by <110> directions for (a) [001],
(b) [112], (c) [111] and (d):[llO] érojections and
o »apﬁearance of {lli]'<01i> perféct loopé for ‘each
‘:projeéted (111) plane. unbie lines indicate images
©. inside and outside theutrue ldop positioh.depending'_'
" §n (é.ﬁ);. Compare to Figs. l-l. y
Figure 7 © Verification of double arc model by tilting'expgrimen%s.'

" In (a) & = 1020] and loops A with B = a/2 [110] are visible. .

. ;:‘In (v) & =[530],s0 loops A with b a/2 [110] are invi=-

R ]

" 'sible as predicted. Loops B with b = a/2 [110] are -

;ﬂ}:visible‘ih‘(a)“and (b).' Bright field'imégés_of loops‘in.3‘wl

>?;_:quenched'Al. _Orientation near LOOl], _

P

fikFigure 8(a}'i Bcheme showing appearance of double arc loops. expected

7 for {110} <U11> prismatic defects in BOC metals. The  °

o - ".ﬂ“¢ff‘;- ;-l " lines of no contrast are <110> projections.’




Cm
‘ 3f (b)::kgc§eme.éhbwing appearaﬁeevof:double arc loopslexpégted
V:,_ for. (100) <111>.pri§matic defects in BCC metals. The
.3&:7 ?;?;.“1f;f_.f‘;',vfﬂ i‘ v.1inés:§f no éontragtAare_<110>_proj§ctions,
"'ﬁ_AﬂbyigP;eﬂé‘; ;i'Illﬁstrating ekperimepts pﬁ:stackiné faults in silicop»
: for','dé{c:ermir{ing uniqdé '-f'oﬂill "¢ﬁ'e_ntati on.

' (2)° Bright field s slightly positive.

0 comparisén'to'A indicates top of foil

~

" (b) - Derk field s ¥
is a.‘_b T

s (q)?} Dark field s > O, bottom of foil in contrast.

~27(a)" “park field s < 0, top of foil in contrast.

“5: :;3iéu;é{ié.: i‘Darkvfié;%>gxpefimentguf;rb%éeﬁﬁif&iﬁgnﬁhevsgﬁseLof ;A;h_
i-prismaftiéi.:d.:I:.stv.'o:catic‘)vl‘z"\.‘ Zl'.o'o.ps':::.‘ 8) s > 0, ‘.'b.)-."s:'zl‘ 0,

1¢);§f§f6ff Speciméﬁ q#énééé@ élﬁmipﬁﬁlépnfain%ng Ffank’
filéépé.£ Lprs néérlﬁhg fd?;?ﬁiddlétéﬁd:bottom_éré
iﬁ@arkeéiT; M{;§i; sé%:feit“fof_éiséussién{‘;Qrientgtion.[6#6].?‘ j
Double arcloops m alumnum(bmght fleld) after -

1 u1tras6nic'irradiation;'thé <110> projections are shown.
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drientafion near [123]. Courtesy Phys. Rev; Letters
and Langenecker andVWéstmacotf (ref.,33)..

-Figuré 12(a;b)'Doub1e arc 1oopé in niébiumA(bright field) after 5%
'tensile déformation.‘ The lbgps afe'of‘the {bOl} <l1>
type. Orientation near [0O1]. (compare to Fié. 8b). .

(¢)- Double arc loops in niobium (bright field) after 10%

- I,
. tenéile deformation.  Ori§ntatiop [o13]. Loops A, C,» A
- D have IC alongl<llO>findi§ated.byldashed,lines-ih :

" inset.

A;bd?ble'arq‘FOop <§ir$ié¢)'in gark-fielawimageiof‘tan-'
':.télum after 10% deformaéi;nﬂ Thé.strgih contféSt images
lnarroweé‘shoﬁ that g{#_a/Q %lil>-
9’hii!jijigurg;iu(;;b);Bfigh§ f;e1a{d;rk'fieiaiﬁai%:;:'1Sop§ in quenched
"fimolybdenum'(cou:tésy 3;'b; Me§kin);1~InSet:shoVs pfo-
-‘Jv'jecféd_difecfioﬂs‘of <1io>vand <1ll>f .Doublé a#c_loppslijx
:;?grévfbia};%lll>:. Thé'f%f?iﬁ ééﬁ#résg idéps A:afe;{OOl}:A:

| <00I>; whilst B have b= 2 [1I1].' .
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i figure ij.‘ . ‘Sketch'illustratiné dark field strain ¢ontféstlimages
:v- . e | L  expected from differenﬁ.defects.

(‘i;)i Symmetrical, pure edge 1loops; b normel to IC
independent of § when‘loop is vithin 15° of
being edge-on. -

(.ii) Loops with b not nprmél tovloop; b normal to

| IC ipdepeﬁdéntvof'é, diréétion of black white
streak q is ﬁaraliel tolloop'plane nofm;i.
tp};(iii)i'}ﬁnd-on dislogations,';c a1ways1p§ra1ie1 to g.
‘Tf.}(jiv):"Spherically‘sjmmetrical défecfs,ALC always

normal to.é;__ 

(v )ff (111] view bf'small tetrahedron; IC has

  ?—§ﬂapé.>‘ ‘
~1fi-iii;'v fgf:vacaﬁcy and. i#vfo?.intersfitial'ﬁefects{
Hffifli#s£ratiﬁg the effect éflfheisign of s in dark field
”“Tﬁfo#ﬁ%ﬁé §i§ibili#y of.étraiﬂ:ééﬁﬁrésf.imééeé. fSpecimgn

'Ag 10% cold rplled. MoSt”defects%are Qécanéy loops.




S -6

a) s <0, b) s =0, c) s_>vO° Defects near the top

B ' a o marked T, those near the bottom marked-B.
‘Figure 17 Examples of sirain contrast images in quenched Ag.

Tetrahédra marked T, perfecf loops P agd Frank loops F.
* Orientation near [111].

Tllustrating the ﬁse of strain}cgntrést images forvdiF—
‘ tinguishihg between'Ffank and pe?fect'vacancy‘loops',
“in quenched‘copper.'.Cqmpafe,té Fig,15 (i and iii, ‘;‘
.:Beét contrast ocgursvinng%¢y f¢g;on§:(odd-guarter'
o fegtig¢tion:distaﬁceéi,?fl“

"«Bright'fieldAdark field pair showing end on dislocations

"' in aluninum whose IC is parallel to g. Notice that the = -

"._sense'of the?image'is déﬁermined by (g.b)s.
- Figuie'205w5> ”Bright.field images shoﬁing sﬁrain'confrast from

”'-; in€efstitial'lobpé in aluminum formé& by-a'puhghing¥ff3

*‘mechanism. - Orientation near [00L].




Figufe 21;.4 "Dark field images . of vacahcy loops in quenched molyb~ |
denum (courtesy J. D. Meckin). ~Notice that the majority

‘of I lines are mormal to <00L> but there circled are

normal to <111>. Some reverssls in the sense of the

' ' images occur for the reflection shown.
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Fig, 1(a),
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Fig. 1(b): (C).
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Fig, 14,
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Fige  12{=, bj.
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Fig., 12(c).
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Fig, 413.
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Fig. 14(a, b).
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Fig, 46.
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Fig. 17.
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Fig. 19.
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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 cbntractor, 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.








