. uﬂ\‘? A\V/Jx\ Al LN -
g J!LLV {0 w&\} wg/ ”t ) @@%@uﬁ} @LJ\ %«@@Q(
i\ \k\v/ t _‘ S0/ NS lf o~

(? & D}éig{j* LL

e e &;5;5 e

';;;?f@i %W’“l?g’ m? ) ?ﬁié&%@/ﬁw ?ﬂ& (u@w»jz wi
‘ “ fin) : «T'é@‘igk @@Q}@pé e %&D&j
i : ‘@L’fﬁmfgfu%@??&3@&,‘.@& u_@ o, R

1) s(ﬁ@m 3‘%

f.f‘ \fe 5;'

; { LbLJ:;' &/j@% e

_mv*

\ua&gltuﬁ /jN&.J_b/ j LL
2 \-.__L:ﬁ

@E}@Q ------ ] ; ""-—E@%ff@wéj\ J& "'ﬂl_g;@f@mv gm&?% /u:_zL
*’? o) Wéﬁ“ﬁ“‘( Y E

a

(

fﬂ:‘“
30,0 sﬁ%&ﬂ%

@ ‘:/* @&,}\&Jw (/ﬂ

@e&}

~ﬁw
g‘\L.u /)

il t"u@_[k}ju@.:}l)\\ A

e &%a@@ =
;? g}@@uﬂ mﬂyw@ﬁ

J T K_ ‘*—-r/’,.‘

;@%ﬁ\\
LR
L &)\

Sy

G ;;\>$fJ%@@&\3 R ae) @@% @J@@uﬁ@@%@% 3‘
G \\, -~ e,

IBJ%!\L;@&

lufjﬁém J Pj;%\ ' @&%&@ /}@»\@%@ﬁﬁ@.@ﬂ

@._)L’ ‘&., LR :
,x \. R /

15@@5 1) Qa@ﬁ;}m &@Mf&{@yf
WBIATEE @LYBEENU

(?ﬁk\\.:?)@@%

Cie

. R NN
I 5@3/ i@u_lb \ﬂg

e SN
B CIE]
x} Ny

TWO-WEEK LOAN COPY

.,-“7(”“\

Il | LQS:LJ'& %I\@ép This is a Library Circulating Copy e /WQ}\;\%
.-*"”"’ gy which may be borrowed for two weeks. \E““' '

ALAN For a personal retention copy, call

Tech. Info. Dwnsnon, Ext. 5545

,&m %\Q@gu @j@u €

\k\w AN

_n@b}?«}&/’{u )Jg%&@[_g % &L“}Jg}*@&j’f L}]L&;:l],!{;%@t%?/&u& \ ] Q]a\\‘ \L@J_ﬂs/ »\,r’;f sz’
Q@)m fima }V‘—L’QU ({/%:L %@@@%g%\,

..... HIE E e ’ﬂ: \-/‘“f‘f"*?’“ *—ﬂa*\\/:@ x.’a-m NPt N



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.




by

Submitted to Acta Metallurgica o I _UCRL-17249
: Preprint

UNIVERSITY OF CALIFORNIA

Lavwrence Radiation Labecratory
Berkeley, California

AEC Contract No. 2-7405-eng-48

. DEFECTS IN NEUTRON IRRADIATED MOLYBDENUM
P; Rao and G. Thomas>”

November 1966



. irradiation to 1x10

Rt |  UCRL-17249

- ‘DEFECTS IN NEUTRQNVIRRADIATED MOLY?DENUM '
'. P. Rao and C, Thomas
Inorganic 1 Waterlals Research Division, La ;rence Radiation'Laboratofy

. and Department of Mineral lerhnoloay, College of Engineering,
‘University of California Ber eley, California

ABSTRACT -
vMolfbdenum'of purity 99.965% has been examined by transmission

eiegtrqn microscopy and field ion microscopy before and after neutron

19 nvt at reactor ambient temperature. The structure

» after 1 hour annealvat 760°C following irradiation was also investigated.

* Dark fleld strain contrast ana1y51s has shown that the defects induced

by irradiation are in Lhe fornm of small (~ lOOﬁ dia, grown to ~ 200& dia.

-

after the anneal) perfect prismatic dislocation loops of the {110} a/2

<111> type. The loops are identified, within the limits of strain contrast

‘theory, to be mostly interstitial in character. Field ion micrographs

taken of specimens made from foils previously examined by electron microscopy,

failed to reveal any vacancies, although 1mages characterlstlc of inter-

stitials and/or 1nterst1t1al impurity atoms were obtained. The results are

‘discussed in terms of the known irradiation behavior of molybdenum.
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‘I. INTRODUCTION

e : . N . e . 1-5 . :
Previous work, using transmission eélectron microscopy ‘and field .

Co 6 s - - ;
ion microscopy, on neutron irradiated BCC metals, has shown that the

damage is introduced in the form of point defects (observable as single
defects by -field ion micrbsco?y) which ¢lﬁster to‘proéﬁce‘prisﬁatic'dis— .
location loops (observable by electron microscopy)-

Déwﬁey and Eyrel observed point defect clusters in mblybdenuﬁ irradiated
at reactor ambient temperatures. The defects were deduced to be inter-
stitial in character. Little change in sUbstructure was observed on
annealing up to 800°C,‘whilé the microharduess.showed a peak at 170°C
followed by a steady recoﬁery._ Above 800°C, the loops‘were oﬁserved to
grow rapidly and finally jéined up to form dislocation networks,»and'there
was a corresponding increase in'the fate.of recévéry of microhardﬁeséﬁ
Meékin.and Greenfieldzvproduced a low density of fésolvablé lOOpS.dirgctlyv.
during irradiéﬁién by.sﬁbjecting molybdenum to néutfon irrédiation at_600?C. 
Mastel and Brimhall3 suggésted fhat carbon in molybdénum neutron irradiated
at'40°C .promotes the heterogeneous nﬁcleation of clusters andviévresponsible
for the formation of resolvable disloéétion loops. In all the work rEpdrﬁed'
to date, the loops ﬁave been deduced to be interétitial in pature; Qith
Burgersjvectér a/2 <111> aqd loop plane {110}. -A few dislocation loops
with Burgers vector a<1l00> héve.also been observed at low annealing‘temper—f
atures.l Vefy recently, Eyre and Dowhey4 have‘shown that éhe nature of
damage obserQed ié dependent on the impurity contént of molybdenum. |

On fhé basis of the observations outlined abo&e, Eyre and ﬁullough5
pfedicted'the‘formation of prismatic loops in irradiated BCC metals, wiﬁh

{110} loop planes and B = a/2<lllsor b = a<l00>. Taking elastic energy -
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conolderatlons into account, Ey;é and Enllouch’oonoludéd that-both.the
a/2<111> and a<lOO> loops: lie on {llO} and are 1n1t1ally rectlllnear but’
should grow 1nto circular loops and rotate into the pure edge orientation, &
similar  to the behavior of perfect loops in FCC metals. Analysis of
noneedgevpriamatio dislocation loopsvisvpoasible frbm tﬁe'géomet;y of the
double—arcldiffraction contfaét, if the loops are’largé enougﬁ.7’8
However,'for_dislocation loons smaller than about QOOR, the inages
of their sides are not -clearly resolvable (as in' the case of "black spot"
~defects observed in the bright field imageé.of irradiated foils). Diffrac-
tion contrast then becomes unsuitable for analyzing small defects and, .
therelore, strain contrast 1mag1n° must be used in 1dent1fy1ng dislocation

loops, as has been shown for irradiatedlor quenohed copper,9 10,11 and

other small defects in FCcC crystals.lz*lé

The analysis of the loop plane and Burgers vector of strain contrast
images from prlsmatlc loops in FCC and BCC metals have been con51dered
elsewhere.7—9 The validity of the strain contrast theory and 1t$ |

applicability‘to the determination of dafect character have been considered
“in great detail by Bell et..al.13 It has been shown that the foil thick-
ness, the extinction distance;-the deviation parameter, the anomalous.
absorption parameter,-the defect sizé; defect shaoe; defect position in

the foil, inclination of the défect with respect to the incident beam,
dofeot density and the opefating reflection are the paraméters which have
to be considered for both the bright and dark field cases;l3 In oxder

to determine the character of defects, it is easential to‘know the exact .

. . . . . 4 .
position in the foil, since the analysis of Ashby—Brown1 is only

applicable to defects within half an extinction distance of - the surfaces.
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~Since iméging.has'not Beeh_pre&iéﬁslyhempibyed'séecificaliy to -

invéétigate the nature of'the'small~def¢cés (so cailed bléék?spﬁts), in
" neutron irrédiafed BCC.metalé, this investigétioﬁ ig partiyAdevoted to
‘this topic. 'The‘neutfbﬁ doSage.levél gnd témperafure of ifradiation have
been so chosen to give defect clusters ;mall eﬁough to be analyzed by
strain contrast. Two Specific.cases havé'beén selected. Irradiated
molybdenum samples in the és~ir§édiatedvand irradiated—annealedvconditions
‘have been examined.'

Previous work, using field—ion microscopy, on damage introducéd by

15,16 helium ions,17 fission fragments,18 and neutrons

alpha particles,
has led to thg formuiation of the nature of radiétionvinduced defects of

a few atomic dimensions. Siﬁgle vacancies, divacancies .and vacancy clustersi'
have been most easily and unambiguéuély identified as missing étoms,'although'.
those inside the unresolved close-packed planes escape’observa;ion. ~In

order to be sure that the missing atom ﬁas”nof ju;t been removed by field
evaporation, only unoccupied sites in the interior of a fully resolved

plane, or ;n the inner part of a homogeneous atom chain éhould be idenfified =
as vacancies. Interstitials have been identified as bright dots appeéring. |
at the sgrfa;e showing up as a result of lattice relaxétion.zo The exact
mechaniém-of image formation for these bright spots ié not yetAélear.

Bright spots of a few atoms diaﬁeters have been observed to alternate with
regions of relative perfection in neutrén irradiéted platinﬁm. Impurities

v pfesent=w§gld be exéected to-appeér in a distinct way due to electr5£ic

and geometric mismatch at the Surface.l9 Impurity atoms WOuldvstand out

with higher brightness and fuzziness and could be confused with inter-

.stitials created by radiation damage.
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in all the repofted‘wogg‘to daté;iwife.sﬁecimensthavé eithe;'been,
.sﬁbjectéd to particle irfadiatibn outside:the field'ion miéfésCope or
in situ. In the’present work the microscdpé'has Been used for the first
“time to observe damage produced in bﬁlk specimens subjected td neutroﬁ
irradiation, . A correlatioﬁ between fesults obtained frbmvtrénsmission‘

electron microscopy and field ion microscopy has been attempted.

II. EXPERIMENTAL PROCEDURE

A. Material and Irradiation

The specimens used in this 1nvest1gat10n wefe obtélned fron arc vacuun
cast recrystalllzea molybdenum sheet in the form of 20 m¢l thlck strips. The
analy51s of. the as-recelved molybdenum sheet is given in Table 1.% The
post—test analysis is compared with the as-received analysis in Table 2%

. Table 1

Element Fe Si Al Ca Cu W Sn B Ti 2Zr Ni Cr M

Parts per 21 20 5 4 2 100 10 10 1 1 1 1 1
Million - S | ' . i

Table 2
'Element As-Received (ppm) Post Test (ppm)
O2 | S 25 13
H, - 2 | 1
N, : ' 5 2
C . _ - 150 160

%Chemical analysis supplied by Nuclear Yaterlals and Propulsion Operatlon,
- General Electric Company, Cincinatti, Ohic.
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: Erior to irrédigtionithe'specimené weré‘anpeaiéd in argon forvone‘
hodr‘at.lZOO7C. _Spécimens werelirradiated in‘an‘;luminum can,étacked
(by»fwos) between aluminum filier;pieéés, for heat rembval,‘iq aAheliuﬁ .
atmosphere. The irraaiatiqns we?é conducted in the Oak Ridge (ORN—Zi; .

» . 19 - ' .
reactor at a dosage lével of ~1x107" avt, B > 1 Mev at reactor ambient

témpefature.** Some méterialvwas subsequently anpegléd.at 760°C for one
hour. | | |

.A neﬁ,method for obtaiﬁing speéimggs for both electron:and field
ion microscopy from the same strip molybdenum waévéftempted, involving

the thin foil technique for electron microscopy and prepération of sharp

tips for field ion microscépy from bulk metal rather than from wires.

B, Specimen Preparation for Electron Microscopy

» Electron trénsparenc foils were obtained by electropolishing the 20
mil thick molybdenum strip by the windoﬁ_method in an electrolyte of
:87.5% methyl'aiéohol and 12.5% sulfuric acid at 0°C using a D.C. Véltage
of 6—8 volts. - In.order to elihiﬁate the possibility of interpreting
polishing défects21 or other artifacts on the_surfaée;3 as defect clusters
caused by irradiation,'both the unirradiated control specimen and the as-
irradiated specimen weré electropolished togetﬁer under identical condiﬁions.
The irradiated foils obtainéd’had negligiblé (8 + v) activity.

A Siemens Elmiskop I microscope equipped with adouble tilting stage
was used in this inveséigatién. The‘two;beam orientation necessary for
contrast analysis of défects. was:réadily obtained using £he double |

 £ilting stage. Dafk field images were formed by gun-tilting so as ‘to
obtgin maximum resolution and contrast.9 The foil origntations were .

*Irradiation supervised by Nuclear Materials and Propulsion Operation,
General Electric Company, Cincinatti, Ohio.
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accurately determined from a composite BCC Kikuchi map -described’

elsewvhere,”~ and the usual rotations between image and diffraction patternm,

have been taken into account.

C. Specimen Prepération for Field Ion Microscopy

A new technlquevwas used for preparlnc sPec1wens for f1°1d;10n
mictoscopy from the bulk metal. The advantage of this method is the
elimination of any discrepancies that might erise in carrying out a study
of radiation damage using two differentiphysical forms of the metal,
namely strip and wire, thefeby elimipating the'differences in chemical -
composition,between wire and strip entering the analysis of results. |
Conventional fler ~ion spec1mens are in the wire form.

Masked edges left over after electropollshlng the 20 mil strip by
the window method were used as. the starting point for the field-ion
specimens. The 1rregular wire-like pieces were electrOpollshed u31né the
thln 1ayer electrOpollshlnc technlque._ The method 1nvolves dipping the
specimen throuoh a thin layer (Smm) of an aqueous solution of potassium
cyanide (10%), floating_on top of an inert liquid, c;rbon tettachlorlde,
An A.C. supply of 1-40 volts is used, with gas evoiution always occurring
‘during specimen preparation.

Great care was exercised in polishing in order to obtain as symmetri-
eal a tip as possible. The specimens were made tovrevolve about their own.
ax1s whilst electropollshlng 1n order to smooth out irregularities. Tip

formation resulted easily and the field-ion images obtalned were conoarable

to those observed from wire specimens.

Yy
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III. EXPERIMENTAL RESULTS

A. General Observations

Tnitial examination of the molybdenum foil showed that most of the’
grains had a preferred orientation at and near - {111} or {Oll}. Using the
double tilting stage, {112}, {123}, {135} and {012} foil orientations
could be obtained. This proved to be useful in that a large préportion
of edge-on loops were obtained which facilitafes the applicability of
the strain contrast theory in dark field (Ihe) v e R is maximum for
contrast, where R is the displacement vector associated with the 'loop).
Bright field micrograpﬂs of unirradiated molybdenum (Fig. la) were |

free of the defects which were observed in irradiated molybdenum. The
9

bright field micrographs of as—irradiated (lxlOl nvt; En > 1MeV) molybdénum
show a very large number of spot defects (Fig. 1b). Figure lc shows the
dark field micrograph of the éame area as in Fig. 1b. The very large number
of black-white lobed images makes analysis impossible. The high deqsity

of induced defects results in overlapping strain fields, aﬁd a number of
reversals in contrast are evident on both sides of the extiﬁction,contours
in the bright and dark field images. It can be assumea that these strain
contrast images arise from radi%tion induced defects and not as a result

of electropolishing,21 since the unirradiated foil electropolisﬁed
simultaneously did not show these defects. In additioﬁ, the number of -
observable defects increases towards the thicker regions of the féil, as
would be ekpected of an evenly distributed damage structure. A count of

the number of images observable in Fig. 1b shows that the defect density

increases from 4x1016 defects per cm3 at a foil thickness of 2to, (where

3 16 e "
t, is the extinction distance) to 6.4x10” " defects per cm at a thickness
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2:[110]

¢

ZN-5929

a) Bright field micrograph of unirradiated molybdenum. 8

(b) Bright field micrograph of as-irradiated (1)(10'19 nvt;

(c)

E_ =1 MeV) molybdenum showing a very large number
of spot defects. A defect density count shows that the
number of observable defects increases with foil
thickness.

Dark field micrograph of the same irradiated area
showing a high density of induced defects.
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of 4t°. The strain.contrast images are in best contrast at foil thick-
' ness of'an odd number of one-quarter extinction distances.9

Experiments with irradiated molybdenum [lxlOlgnvt; En > 1MeV] annealed
at 760°C for one hour yielded mére interesting fesults. Three sets of
experimenté were performed. Firstly, the same area was observed in bright
and dark field using different diffraction vectoré, keeping s constant.
'Secondly, another area was observed in bright and dark field changing
the sign of s while keeping the diffra;fion vector constant. In dark °
field for small values of s # 0; the defects are preferentially imaged
-near the top surface of the foil for s < 0 and at the bottom for s > O.23
Thirdly, an area was observed in dark field at s < 0 with different

operative diffraction vectors.

B Dependence of ‘Strain-Contrast Images on the Diffraction Vector

The same specimen area can be imaged with different operating
diffraction vectors, resulting in different e#tinction distances. Those
dislocation loops which do not change sign for a sufficient variation of
the extinction distance lie immediately below one of the surfaces, and
statistically, therefore, the dark-field image would give the correct
nature of these loops. That is, the ﬁumber of "wrong sense" images
decreases as the order of reflection increases.lo—13

Figure 2 shows bright and dark field micrographs of the same area
at s > 0. Figures 2a and 2b have the same <110> diffraction vector
operatiﬁg in bright and dark field, thle Fig. 2c Aas a <112> diffrac-
tion vector operating on the same area in dark field..

The foil orientation, using both the <110> and <112> beams, was

accurately determined using the BCC Kikuchi map develobed by Okamoto
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g=[110]
g=[110]
111,
[’loo]p
[l
12>
= ~<123)
1],
[ooll, [liol,
[ 78T
P [0|T]p g=[121]
ZN-5926

Fig. 2. Bright and dark field micrographs of the same area in neutron
irradiated (1X1019 nvt; E_ >1 MeV) molybdenum annealed at
760 C for 1 hour. (a) and?(b) have the same [ 110] diffraction
vector operating in bright and dark field, while (c) has a [121]
diffraction vector operating in dark field. Comparison of the
line of no contrast and streaking direction with the important
(100), (110) and (111) projected directions shows that the
defects A, B, C, D and E are of the same type - viz (011)
loop planes and a/2{111] Burgers vectors.
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L 220 : e . s e . . .
et. al.”” Stereograms suitably oriented give projections of the <l1l>,

§110> and <011 difectionsAwhich are of importance in BCC metals. As .
shown in Fig. 2, thé lines of.né contras& are distipdtly.nofmal to the
projegted <111> directions indicating tha£ the Burgers_&ectoré of these
defects are of the type-%<lll>; The direction of black—whi;e stréaking
is in the projécted <110> directions, indica£ing that the loop planes of
these planar defects are {ilO}.7

- Examination of Figs. 2b and 2c show that all the black-white images

(A,B,C,D and E) visible have the same (parallel) lines of no contrast
. and direction of streaking, and, therefore, have the same Burgers vector

~and loop plane. Since in (b) and (c) the lines of no contrast and the

direction of black-white streaking do not change with the two different

diffraction vectors, it is evident that the Burgers vector and loop plane

of these defects are independent of the operating diffraction vector, and

therefore, must be plate shaped defects, i.e., loops.

.C. Dependence of Strain Contrast Images on the Sign of s.

The sign of the deviation parameter s determines which part of the

“foil is in good contrast. In dark field, when s <. 0, the.tbp of the foil

is in good contrast while when s > 0, the bottom of the foil is in good

3,23 . ' . . . - :
contrast.” ?’ Using these two imaging conditions, the position of the

" defect in the foil can be estimated positively for lower order beams.

However, when s # 0, the effective exﬁinction distance 1is décfeased.

- Figures 3 and 4.show afeas of irradiaied -~ annealed molybdenum ob-
served in bright and dark field with the same operating <112> beam under
conditions of s‘negative and s positive. The approxiﬁate position of each

of the marked defects, determined on the basis of visibility under



difféfent signs of-s,‘are tabuléted ihtTables 3 (for Fig{ 3) and 4.
(for Fig;'é). An aﬁalysis of thé Burgeré Qector énd ioop pléné of each
. defect is also given. |

Some of the 1argef defects show fainf double-arc contrast in bright
field. Loops unsuitably oriented to give good.strain coﬁtrast images lie
at small angles.to the plane of the foil and wili give good double arc
contrast.lez. Defect X in Fig. 3, for‘example, shows double arc contrast
with a clear line of no contfast parallel to the [101] projected direction
with the [111] projecﬁgd direction normal to the line of no contrast. The
displaéement of the déiblé—arc image is in the [010] proje;ted,direction;
',vAccording”to the double-arc modé¥,7’8 the loop plane of‘this particular

loop is [101] and Burgers vector %<lil>.

D. Determination.of Defect Densities

An estimationtof'the density of defect clustérs was attempted using
bright field electron ﬁicrcgraphs énlarged to a magﬁification of 200,000x.
A count of the numbér of defects per unit volume in both the as—ifradiated
- and irradiated—aﬁneéled states was made.near the.édge'ofrthe foil where
extinction contoﬁrs allow the foil thickness to be estimated. The diameter
of the loops is measured along the line dividing the black-white lobed
regions df.the imagé. Thié_dimension is relatively insensitive to the
imaging conditions.. The results are shown in Table 5. |

The highwdensity of defects in the as-irradiated foils makes it
difficult to distinguiéh between superimposed clusters. ‘The number of
clusters/cm3 can be compared to the the@fetical number of displacements

24

per unit volume. Using the Kinchin and Pease model, . and the values

of each of these variables suggested for molybdenum by Downey and Eyre,

LmAZe v'YUCRL—-J;7249-
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_ : [101]p g -
\ _ . Tl :

S INes927

Brlght and dark field images with the same: operatlng [ 121]

beam. {(a) Bright field micrograph, (b) dark field images
at s <0 brlnglng the top of the foil into good contrast; ’
(c) dark field images at s > 0 bringing the bottom of the foil
into good contrast;-the approximate positions of each of the
marked defects are tabulated alongside with anh analysis of

‘the Burgers vector and loop plane’ 'of each defect; (d) double -

arc contrast shown by a defect, X, is analyzed in.terms of
the line of no contrast belng parallel to'a projected (140)
direction and normal to a projected (111> direction.

<
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& [oii]
g=[121] \[ITO]:

Dioil,
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ZN-5925

Dark field images with the same operating [121] beam.

(2) and (c) are at s <0 while (b) and (d) are at s > 0.

The approximate positions of each of the marked defects
along with their loop plane and Burgers vector analysis

are tabulated alongside, as in Table 4.
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the theoretical number_offdlsplacements/cm under- the present irradiation .

. conditions is shown in Table 5. o

. Table 5
 Irradiation Number of Average Degeéf' Theoretical Number
~ Condition ' Defects Diameter (A) = of
: Displacements/cm
per cm S
As-irradiated ~  5.04x10™° 100 . 2.92x1021
Irradiated— 1.44x10%° 200

annealed at

760° (1 hour)

E: Analysis by Field Ion Microscopy

Micrographs of pure molybdenum tips, prepared from wire specimens,

taken at liquid ‘nitrogen temperature, show adequate resolution (Fig. 5).

The individual atoms on the (11l) planes are not fully resolvable as the

field applied to cause field evaporation results in stressing the (111)

area. The (011) and (112) planes are clearly reéolved.

Micrographs of irradiated molybdenum tips prepared from bulk specimens

- . give slightly distofted'images which may be due to poor electropolishing

(resulting in asymmetrical tip formation). In one particular sequence,

~streaking was observed, as shown by the siﬁgle streak along the (110)

planes in Fig. 6. On field evaporation, the streak disappeared“léaving

behind an incomplete inner ring of (110) atoms. On further field evapora-

tion, complete (110) rings were obtained (Fig. 6). Streak contrast from
field-ion micrographs has been discussed élsewheré,25—27 Considerable

streaking has been observed in.cold-worked neutron irradiated tungsten

and is associated with the interaction of point and line defects. The
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Fig. 5. Helium field ion micrograph of pure molybdenum at IS,
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"~ 'in. streak contrast is not known.

S oS19-. . UCRL-17249 -

, pfecise role ‘of electropolishing and clustering-dfﬁiﬁterstitial impurities

25-27

Other'ébsgrvations on irtadiated molybdenum field-ion micrographs

included the‘appéarance of brighﬁ'spots (Fig. 6). The size of these

Erighf spots (aifew atom diameters) as well'és_their.enhénced loéél in-
tensity indicate a local distufBamce of;the normal arrangément of the
material, Thesenmay ﬁe due';o.éither interstitial atoms bulging out of
the surfaée‘or due to impurities in thelmaterial (see Table l).

IﬁsPection of somé 100 fieid evaporéted'{IIO} planes failed to reveal-

vacancies., The densitﬂ{of vacancies must be very low, although the reasons
X . ’-.ﬂ-‘ . ., .

for this are not yeé known.

IV. DISCUSSION

A. Extension of the Strain Contrast Theory to Radiation Induced Defects
in BCC Metals - P

An intergsting observation that can be made from Figs. 2, 3 and 4
is that every one of the analyséd‘strain contrasé images have the black
side of the black-white image in the direction of_the_oéerating diffraction
vector in dark field (it can be seen that about 70% ofvall clearly visible

defects have been analysed). On the basis of theory],'4 this would mean that

"most of the strain contrast images are from interstitial loops. Bell et. al.

have pointed out, however, that in FCC systems (primarily aluminum and its
alloys) it does not seem possible to unambiguously determine vacancy and
interstitial strain fields using strain contrast imaging except for the

special case of edge-on defects lying within to/2 of any surface. The

- . various parameters that have to be considered for both bright and dark

13

field casgs'haVe-been listed.13 Figures 7a and 7b show cases where reversals.
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Helium field-ion micrographs of irradiated molybdenum
tips prepared from bulk specimens. (a) A single streak
appears along a (110) plane, and disappears on field
evaporation (b); bright spots (A) of a few atom diameters
appear in some of the micrographs indicating a local
disturbance of the normal arrangement of atoms (c).
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Fig. 7. Dark field micrographs showing image reversals in
irradiated-annealed molybdenum foils at s <O0.
Defects marked A in (a) and (b) show 'interstitial'
contrast while defects marked B show ''vacancy'' con-
trast. Comparison with the important projected directions
alongside show that all the defects marked A are of the
type (110) (111) .
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of imeges Qere observed in lrfaaiated—eeneeled ﬁblybdenum.foils at‘s <-0.
‘Eventin'tﬁeee cases, the number of "§aeeqey”vtype imagesnSeEmS to be few
in neﬁber; | | |
The streak length of the biack ’and‘whit’"e 1obes of the sifr’aih contrast -
| image vary with the particular 31gn of s and 9051t10n in the foil, although
the true diameter (measured along the line dividing the lobes) of the loop
does not vary appreciably, In dark field, the.white éartlis eeual in ;
length tb the dark part (measured eloﬁg.the direction of streaking) at
s = 0, When s < 0, the white parttis>lqnger than‘the black part, while
wﬁen s > 0, the opposiée is true because of the change in background
lntensity that occurs ﬁéth cﬁangingﬂmagnitﬂde of s.
éince.datk field micrograﬁhsAekhiblt best contrast around defects
,nearvthe lower surface of the foil for s > 0 and near the upper surface
- of the foil for s < 0, b; imaging under these conditions (Figs. 3 and 4),
it is shown that the induced defects are evenly distributed in the foil.
However, defects near the center of the foil w1ll show up under both
‘imaging condltlons, especlally when.the foil is thin and the 100ps are
: edoe on. However, with hlgher order reflectlons, the larger extinction
distances are more sensitive to changes in s, making imaging conditions
critical.” The size of the defect in relation to to and the foil thickness
is, therefore, of considetable importanee, especially in the ease of |
planar defects. |
If the specimen ls orientedAsuch that the Burgers vector and the
normal to the habit plane are both nearly in the plane of the foil, then
definite stetements concerning the nature ef the defects can be made.l.3

Table 6 shows the angles between the foil normal.and the direction of the

Burgers vector, and the normal to the loop plane calculated for three cases.
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It can be seen that since the Burgers vector and the normal to3the'loop

ﬁlane hearly always.lie'in the plane of the foil, the conclosione as to

: defect character should be correct

Defect den31ty is another factor whlch can . affect the character of

etrain contrast images.  No attempt was made at analyzing the defect

‘structure in as-irradiated molybdenum because of "the proximity of other

defects.

It has been shown theoretically that the image to be expected from

a small defect depends critically upon its position or distance from the

foil surface as measured in extinction distances of the operating

i

reflection.21 This image can either be whlte on the 31de of the

'operatlng reflection (in dark fleld) or black on the side of the operatino

Table 6

Foil Orientation. Co<112> <123 <123>
Direction of Burgers 111 111 11T
.Vector ' -
Direction of Loop : 110 - : OlI_ 01l
Plane Normal ' S ' _ :
Angle Between Foil Normal ‘ 62° 90° = 90°
and Burgers Vector ' '

.Angle Between Foil Normal - 90° ' 79.2° ' - 71°

and Loop Plane Normal

reflection if the defectvisihalf an extinction distance above or below

these positions. Using reflectione with a longer extrnction distance

is the recommended solution for causing defects, which may give complications
ih characterization, to form an image from which the.nature of the defect

can be unambiguously determined.
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Fer tHis pu£p6se,_the same area of anviffadiated;annealed'foil of
molybdenum was examlned using the <112>, <310> and- <222> operating. o BRI
reflectlons in dark field at s.< 0 such that only those defects near fhe ' R
top of the'foii were in good-coﬁtrast in each ease. At s > 0, there were
verylfew reversals,iﬁ>image sense. |

An idcrease in.the number of etrain contrast images'was registered
with increasing ordersiof_fefiection. This wouid be exﬁected from an

~increase in the extinctioe distance, fer nearly constant.s. A count was
made .of the nember of observable images (> IOOA) with 1ncrea51ng <112>,
<310> and <222> reflectlons (rig. 8a, b, c), and of the number of "inter-
stitial" and 'vacancy' wimages. The results are summarized in Table 7.
.It‘is ebsegved that the number of "vacaﬁcy" images decreases with
increasing diffraction vector. Similar counts in ion irradiated copper
sﬁow a deCreaee in thejnumber of "interstitial“ images with increasing
diffracfion.vector.ll' There is a marked decrease in the number of so-
‘called vacaﬁcy defects when the <222> reflection is used, but -the resolution
in dark-field decreases rapidly as the order of reflection increases |
making.theAcoﬁnt_of the number of '"wrong sense' images very approximate.’

It is observed that the intensity and extent of-contrast of the images

.are reduced with increasing diffraction vector. Since the size of the
observed sfrain contrast images depends on the extent of contrast, the
image size decreases with increasing diffractien_vector. However,

" the "wrong-sense'" images, which are larger in width for lower order VG

reflections, tend to be of the same size as the "right-sense' images

for higher order reflections.

Though, in general, strain contrast imaging techniques do not seem
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.~ Fig. 8. Dark field images of the same area at s' <0 imaged
o . -using different diffraction vectors. The increase in

. the number of observable images with increasing dif-

P - '  fraction vector is evident in (a), (b) and (c) (see '
S " Table 5). AR '
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to'be applicable to the~prob1em of distingnishinglhetween.vacancy‘and
1nterstit1al type defects, in this particular case, the evidence presented

: 1nd1cates that the 1nduced defects in neutron 1rrad1ated molybdenum are
nredominantly interstitlal in character. Tt must be noted however, that
- the number of parameters‘that can affect the characterization of these

13
defects are so many that the above conclu31ons cannot be taken as positive

proof of identification. .

Table 7
Operating Reflection (hkg) _ . | _v. 112' : .A‘ 310 222
Extinction Distance (2 - - 342 | A‘472.5 \.529
‘Number of Strain Contrast images. o 147 286 338
- Number of~Interstitia1 Images*v : | . 111 _‘ » .239 303
.Numberlof Vacancy Inages* | | | 36 | 47 35
Ratio of Interstitial: Vacancy v,: 12:3 HlO:Z. | 10:1

"% As predicted by'strain>contrast theory.

_B.' Irradlatlon Behav1or of Molybdenum
Theory predlcts that as primary knock— ons are slowed down, they
'dlsplace practically every atom that they encounter, creating highly
“localized regions of damage known as drSplacement splkes.28 Regions of
dispersed single defects wouid also be eipected in the.early stages of
the collision sequence since the displacements are widely separated.
The spike region 1tseif consists of a central core of vacancies surrounded
- by interstitial atoms. This arrangement is 1nherently unstable and will

‘be even more so at elevated temperatures. Interstitial-vacancy recombination
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has been shown" to occur. at temperatures as low as 20 K as a result of
electrical re51st1v1ty studies on electron irradiated molybdenum.‘29
Irradiation at reactor amblent temperature would, ‘therefore, cause
con81derable self—annealing w1th1n the spikes resulting in vaeancy-
- interstitial annihilation. A certain prOportlon of the interstitials
are conveyed away from the spike region by diffu51on or by focu51ng,
-leaving behind a cluster of vacances. Such vacancy clusters would
survive.self—annealing, and have been directly observed in a field-

ion microscope study of neutron'irradiated tungst}_en.25 Vacancies in
molybdenum have been found to be 1mmoblle to 150-200°C. 30 Surviving
vacancies. Can, therefore, be eXpected to remain as diSpersed clusters,
-while single vacancies from earlier collision sequences will be randomly
Adistributed |

Previous workers on neutron damage in molybdenum have advanced

several reasons for the lack of observed vacancies in irradiated molyb-

denum.l’z’3

Meakin_and Greenfield2 have shown that impurity-vacancy
interactions are probably responsible for tbe trapping of vacancies.

~ The mobility of the particular defect'created by the primary event would
‘decide the future course. Relatively immobile vacancy clusters would

‘grow on annealing to form 1argeyoefect clusters. Examples marked B in

fig. 7 shom perfect vacancy strain contrast in dark field and are larger
(size measured aloné tne line of no,contrast) than those which show’
interstitial strain contrast. Interstitials moving amay from the spike
region are relativelylmobile and can contribute to the growth of dislocation
loops.

. The impurity content has an important role to play in determining
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'thé.anneaiiné behaviqf of.irraaiatedvleybdenuh;‘ Thé'most-likeiy traps

- are J’Tnterst’i‘tial impufity atoms. The total interstitial impuj:it';y' content -
of moiybdenum (carbon gnd.nitrOgén) is'1.03k1019 atoms/ém3 (from - .
Table'Z)L~ Interstitials creatédlby radiétion damage would be attracfed :
by intéfstitial.impurity atbms finally:résulting in the.devélopment'ofA
.clustérs as more aﬁd more intefstitials miérate torthe trappiﬁg centers;
Downey and Eyrel concluded that the interstitialicluétef sizes will
depend on the density and distribution of impurity tréps.

Annealing chafacteristics,.a§ indicated by recovery in electfical
resistivity and l;ttiée parameter, show a major recovery peak at
150—200°C.30 This hasvbeen gttributed to the diffusion of vaéancies to
intersﬁiti;l impurities.Bol Since this process does not account for the
'fécovery in lattice'paramet;r, an altefnativé sug_gestionl is the mutual
annihilation of éinglé vacanciésvand interstitials, following-second
order kinetics.31 The recovery of microhardﬁess_in the 150-200°C region
- is also associated with the migration of vacancies to form compact

. clusters. |

Comparing the damage structure of as—ir:adiatéd.molybdenum with

that in irradiated molybdenum anﬁealed at 760°C for 1 hour, the annealing
seems to have had little effect on the number of observable defects
(Table 3). .Thege results agree with those of Downey and Eyi:el who
attributed the relatively‘unchanged 500-800°C annéaling stage to the,
break-up of vacancy clusters and the subsequent recombinétion and mutual I,
annihilétion with interstitial clusters in high purit& ﬁolybdenum.'

It is interesting to note that no vacancies were detectable after

field ion microscdpy of irradiated molybdenum, though bright spots were
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~observed, which could indicate predominantly interstitial damage. It~

) is‘nqtfpossible'at this stage, however, to distinguish between inter-

stitial defects created by radiation'démage”and'interstitial impurity
atoms. The high density of interstitial impurity atoms (1.03x10 9)
prevents definite characterization.

o~

Two ty?es of loops have been obégfvéd iﬁ BCQ metals;;with Bﬁrgérs
vectors §<lll>_aqd a<100>. Our'obéervétions oﬁ the irrédiéféd-molybdenum
annealed at 760°C for 1 hour indicate tﬁatvéredomiﬁantly §4111>v100pé
are preéent, Interstitial loops in BCC metaisvcan nucleéfe‘oﬁ fhe {110}

2

" plane with Burgers vecéor b = S<110>, énclosing,a stacking fault.  They

2

can shear in the early sﬁagé of growth, in either a <100> or a <110>

direction to remove the stacking fault and produce loops with b ='§<lll>
" or b = a<100>, respectively'.5 This suggests that a <110> shear occurs.

‘even at higher temperatures resulting in a large proportion of 1§ops

with b = %<lll>. Since on annealing to 760°C, there is a predominance
of<§<lll> loops, it can be assumed that the higher'energy <110> shear

requires thermal energy to assist it, and would, therefore, occur only

- at elevated temperatures, as suggested by Eyre and Bullough.5 All the

loops observed by double arc contrast are circular in shape, in keeping

with the observation that-%<lll> type loops have been predicted to be

_circular while a<100> typé'ioops retain square shapes.5 In the 500-800°C

annealing stage~§<lll> loopé predominate, while_on annealiﬁg té above
1000°C, the higher thermal energy supplied would give rise‘to.a<100> loops,
exclusiVely; |

Loobs observed by double-arc contfast obey the'basic rulés»set-by

Bell and Thomas7 for the identification. of prismatic loops in BCC'systemé.
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The loop piane Caﬁ-be ﬁniquély identifié& fof‘{lIO} ioop§ though éacﬁ lobp
“has two possi?lé Burgers vectb?s;df'tﬁé.type.§<lll;. :Thésé loopsvare 
'éharacterized by a major‘axis alsng tllb] and:a'minof a#is élong,[OOl]
which is normal to tﬁe major.axis. ' |

Characﬁerizatioﬁ Of'the loob planevand Bu;gefs vector of strain
contrastvimages.of prismatic loops in i?fadiated molybdénuﬁ_follow the
: iﬁage characteristics predicted eléewheré,7 in ﬁhat the line of no
‘coﬁtrast of {110} <111> loops is normal to the projected <l;1> direction,

and the image is skewed about the line of no contrast in <110>,

vf CONCLUSIONS

Investigation of neutron irradiated ﬁolyﬁdenum foils'using trans-
mission electron microscopy reveals "black.spdt" defects‘in bright field
micrographs. It is ﬁot possible to determiﬁe tﬁe nature of these
defécts_by aiffraction codtrést.  Strain»coﬁtrést imaging p:ovides a
means of detecting induced defécts which are too sﬁall to give %iée
-to any significant diffraction contrast. Biigﬁt field micrographs
dé, however, show characteristic damage structure, such as deﬁuded regions
near grain boundaries. |

Strain contrast imaging of small dgfects allows the loop plane and
Burgefs vector to be analysed, and, to a.certain'ektént, the characterization

of the nature of induced damage. Such an analysis is possible by varying

the imaging conditions. in dark field. Using different operating diffraction

*

vectors in dark field, it has been shown that the lines of no contrast
and the direction of streaking of the black-white lobed images are

independent of the operating diffraction vector. This shows that the

e
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'defectsigiving'riSe to strain contrast:images are definitely perfect

prismatic‘ioops; lyipg 6ﬁ’{llO}‘wit§v%<lil> Burgers vectors. From the
relation cf'ﬁhé dark field imagé to the.direétion of the opérating
reflection; i;'is tehtatively concluded that the defécts aré primarily
iﬁterstitial’in»characﬁér. |

Field ion'miéroscépy‘révealé»streéking and image distortion which
could arise from several féctofs,linclﬁding radiation daﬁage, Inter-
stitial atoms appear as B:ight spots, but may be confused with impurities
present, whiéh give rise tovsimilar eontraét‘ The definite lack of
observed vacancies in‘ field ion micrographs can be coupled with previous
observations that the damage substructure iﬁ neutron irradiated molybdehum
is primarily interstitial in nature.

The evidence presented suggest that the defect structure in netron

irradiated molybdenum: annealed at 760°C for 1 hour consists primarily of

interstitial loops with a few comparatively large vacancy clusters. The

size of_thesé defects varies from about 1004 in the as-irradiated state

to about 2008 in the speciﬁens annealed at 760°C.
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