;-

N NN AN AN D/J@; ”’)k:\v Al NS "’“wu/&/@ﬁ

g =
ﬁgxfﬁ% fmw%%@x@ag
_@@__L) _L}ﬂ_g@e})} E % .%} - }(/UJ _L;’
=) | @g
W

.._ﬂ

'\(m@@

?m$%@wﬁﬁfw

\iyff§w@5“fgi . “;@%g
flai ion ,.ozra%

. ﬁ@%@%J

)}a

7 Bl

@E«>}§( LA %N—L—m}“‘i

'y ”32$»\’\“ /;‘@-"{;“\ = »”*— (
i} \t O ML 3 7 3 \" \\ / 3 Jy L %
@&MEMm ,@%@%@ &%“@%¥W%

:'v',;;fm;q;%m@@u,

, ‘Q’L@@ ‘fl@\w&?@@ JD}N @r;g\ _Q;LLE
= &J BL) )&’ Q

e S e e X

\%@@( w&;} ;ﬂ.@&) @3{5 }@J 0, &9% s 3}@3 @@ M@&,g @ﬂ\i “‘*Efi /NL_A/} QJ\;@I;
e e e e WQ%ﬁf e oy
D Egﬁkxg @@% ,@@@, * ﬂ@&%

1 @-&g‘x\ "’w (
3@55@@% u{m Ll
ey

U?%% Lan 51:@‘ :
e Y )
- @%ﬁ\&u@/@ N

TWO-WEEK LOAN COPY

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

5; *ﬂ“g 3@ <BBAT - Tech. Info. Division, Ext. 5545

/‘& Q/\\\:b/)/“\

£

L. "- . n? . - B —:_-;
\.1 | >;§ J I7 “I J o () i /-1 il ff sHL T
H%ﬁxhwﬁmz; i) m@@gxﬁ;-
\3 g oy & ‘

I g,

Bi((/ L}_E ﬁ%@%@gs

e

P u‘;\ 2

| e . i w@@%«xma& o ‘c;
= ,m%\ N “‘w R m\(’ O
1 Ly /H (L ¥ LD R L \I e e
,.LQ[L% & /3@ m&m LGB :muy @3/3%@‘“ &Mb}( 0

il
v St o \a*‘&,&",g%\_»«t.i \\:“*"

NS

(\@JH@L/?/

) AL ? 1Yy )/IL'[@‘( ﬂ\\
w%%J%%ﬁLMN [gggkg

\\f‘”‘aﬂ’“‘km

P G
g,
4 (/r\ Fer il \;’ )

i /"' P "Q:‘\r
‘4 mix—ﬂ\a[(/nl 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
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RADIATION INDUCED DFEFECT IN MOLYBDENUM
N | ‘ . Prakash Rao
Inorganic Materials Research Division, Lawrence Radidtion Laboratory,
and Department of Mineral Technology, College of Engineering,
' University of California, Berkeley, California
September 1966
ABSTRACT
A combined.study, using tfansmission electrdn microscppy and field~-
ion microscopy, 6f the subst;ucture of neutron irradiated molybdenum has
revealed induced damage in_thé form of small dislocation loops. Bright
field electron micrographs give a quantitative estimate of the extent of
this damage, and strain contrast imaging in dark field aliows the loop.
plane and Burgers vector to be established. Analysis of these induced
defects, using different imaging conditions in dark field, shows that
~ the ioops are predominantly of the type (llO] (111) [is.e., loop plane
lbfllO) and Burgers vector % (lli)]{
| The extension and applicability of £he strain contrast theory to
' radiation induced defects in BCC metals is examined, particularly its
usefulness in predicting the interstitial or wvacancy chargcter of the
'“_defects.'-Contradictions érise when IQW-qrder reflections are used, but
the,results-are less ambiéuous for high prder reflectioné and edge on
defecté} The evidenﬁé presénted indicafes fhaf»the defect structufe
L is primarily interstitial. | |
@ | _ - The irradiation behavidriof Aolybdenum is discussed in.terms of
_present observations. :Interstitial'impuyity atoms play an'important'
role in depermining the'ﬁuture ofhdefects présent_in the aé-irrudiatedi

‘ and,ifradiéted~ahnealed'States.



" in metals such as copper,l aluminum2 and platinum
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I. INTRODUCTION

Transmission electron microscopy and field-ion microscopy lend them-

selves admirably to the investigation of radiation induced defects in

" metals. Point defects of vacancy or interstitial character, which have

formed large enoﬁgh agéregates, are readily observable by transmission
electron microscopj, with the result that the thin foil technique has\\
been widely used for defect characterization. The limit of resolution of
small defects‘by diffraction contrast using the thin foil téchnique is

about 20-50A, depending on, amongst other factors, the thickness of the

- foil. The remarkable resolution (2~BZ) of the field ion microscope

'.‘enables the atomic structure of the metal surface to be revealed, and .

is therefore a more sensitivevtechniqué for the detection of radiation
damage on a small scale. |

Previous work usiné transmission electron microscopy on neutron
ifradiated metals has shown fhat in most cases clustering of point de-
fects occurs to produce priématic‘dislocation loops. Neutron'damnge

5

results in the fore

‘mation 6f a large number of very small loops about lOO-l5OK.in diameter.
- In many cases positiveiidentification of small defects for which the

. term "black-spots" has been used, was not carried out. Furthermore,

since the defects_afe often very small, it was impossible to determine

.>_by direct methods whether they were formed by the condensation of va=

cancies or interstitials. TFission fragment and heavy ion damsge gave
rise to large dislocation loops of up to.lBOQK in aluminumh and iron.5 '
These were shown to be interstitial in 6haracter. Similarly, alpha

particle irradiation of metals, such as'COpper6'led investigators to

believe that the resulting "black spot" defects were due to vacancy
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clusters while the large loops observed were formed from interstitial
~atoms. However, no definite conclusion as to the nature of radiation
induced defects were then obtained. These results were obtained by

. obsefving the behaviour of dislocation contrast under vafyihg diffraction

A conditions, and on the basis of the differences in the rates of diffuaionv'

of vacancies and interstitials.
The temperature of irradiation has a marked effect on fhe nature of

the defect structure observe@f In copper7 and nickel8 irrqdiated at
different temperatures fesolvable loops were obtained at sufficienfly
high temperatures of irradiation, while at lower irradiation temperatures
"black spbt“_defects were observed,"'

| Reéent'work’on neutron daﬁage in BCC metals,Aparticularly.moiybdenum,

o 9

has ylelded interestihg'résults. Downey and Eyre observed‘point defect

clusters in.molybdenﬁm irfadiated at reaétor ambient temperatureé. The
defects we;é deducéd to be interstitial in character. iittle éhénge was
ébserved in the obsefvable»damage on anneéling~up to 800°C, while the

v"miérbhardness sﬁowed~a pesk at:l70°C followed by steady reCOVery5 Above
800°C; the loops~weré 6bservedvto grow rapidly and finally joined ﬁp tO'
form disipgatioh networks, accompanied by an increase in the rate 6f re=

covery of miérohardhess.AvMeakin and Greenfiehilo produced a low density

of analyzable loops directly during irradiation by subjecting molybdenum

. to neutron irradiaticn at & sufficiently high temperature (600°C).

. Magtel.and Brimhall?l‘suggesﬂed thatvcarbon.in moiybdenum, neutron
irradiated at Lo°C, promctéé the hgtefdgeneous nucleation of clusters
and is responsible for the férmation of resolvable dislocation loops.
In all thevworklreportéd to date, the defects have been.deducéd to be
interstitial in nature, with Bargers vector a/2 (111) and 1oop_p1ane

(l;o}} {A'feW3dislocaﬁion loops with Burgers vector a(lOO)_have alsoAbeen
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observed at low annealing temperatures.
On the basis of the observations outlined above, Eyre and Bulloughl%
predicted the formation of prismatic loops in irradiaped BCC metals, with-
(110} loop plaﬁe; and b = a/2(111) or b = é(lOO). Taking elastic energy-
considerations into account, Eyre and Bullough concluded that both'thg

a/2(111) and a({100) loops lie on {110} and are initially rectilinear but

- should grow into circular loops and rotate into the pure edge orientation,

similarly to the behaviour of perfect loops in FCC metals. Analysis of
these prismatic dislocation loops should be possible by double=arc
diffraction contrast using the method suggested by Bell and Thomas.na’b

It may be noted at this stage that only diffraction contrast has been

relied upon in the anaLysié of the resolvable defects in BCC metals. In

diffraction contrast the atomic diéplacements around the defect modify

. the deviation parameter s, which introduces a phase change in both transe-

mitted and diffracted.waves, giving rise to contrast ébove_or below

-
background. The relative position of the dislocation image depends on g,
the reciprocal lattice vector of the operating reflection, g the Burgers

vector of the defect, and on the sign of the deviation parameter s,

m"_through the product (g * B)s. The sign of this product determines the

position of the dislocation image.lB’lu

HOWever,'fér diélocatioﬁ loopsvsmaller_ﬁhan about’EOOZ, the imges
of their sides are not cleariy resolvable (ag in the case of "black épot"
defects observed in the‘bright field images of irradiated foils). Diffraé-_‘
tion contrast as defined above, then‘Becomés unsuitable for analyzing |
small defects and therefore strain contrast'imaging must be used in
identifying dislocation loops,'as in_thevéase;of.irradiated or quenched

15,16

copper.



. to know the exact posmtlon in the foil, since the analysis of Ashby-Brown

-t

Strain contrast images from defects appear as black-white regions

divided by a line of no contrast when the. crystal is oriented close to

the ideal Bragg condition (s ~ O).lj Strain coﬁtrast imaging can de=~
- tect very small localized strain fields which may not give rise to any = . e
diffractién contrast,_éarficplarly in dark field. Dark field images\
obtainéd by guﬁ-tilting show maximum resolution and contrast.™? Gun-

tilting reverses the direction of g compared to bright field, while

maintaining the original orientation of the specimen. L

The analysis of the 100p plane and Burgers vector of straln contrast
: images from prismatic loops in FCC and BCC metals have been considered

13,15,18 The validity of the strain contrast theory and its - %

elsewhere.
applicability to the determination of defect character have been con=
sidered in great detail by Bell et al.l5’l9 It has been shown that the

foil thickness, the extinctidh disténce,‘the deviation parameter, the

‘anomélous gbsdrption pérameter, the defect size, defect shape, defect
- :posiﬁion in ihe foil,‘iﬁélinatipn pf the defect with respect to the - o !
»incident_beam, defectvdensity and the 6perating reflection are thé paré- ;:i o E
meters which have to bé cénsidefed for‘both the 5right and dark field |
cases. 19 In order to determine the character of defects it ig essential
_ 17 _
is only applicable to defects within to/2 of the surfaces.
The.two imﬁortant advantages of the field~-ion microscope, which have
“Jled to its inéreasing use for the study of rediation damage are: firsﬁly,
its resolution of 2-3h enables individual atoms to be distinguished and T e

secondly, that field evaporation makes it possible to strip individual

W

atoms or whole atomic'layers:from the surface under obgervation in a

controlled manner to obtain a three-dimensional bicture of ﬁhe_damage.
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20,21

Previous work on damage introduced by alpha particlés, helium ions,22

fission fragments,e3 and neturonsEh has led to the formulation: of the mature

of radiation induced defects of a few atomic dimensions.

Single vacancies, divacancies and vacancy clusters have been most

‘easily and unambiguously identified as missing atoms, although those

inside the unresolved close«packed planes escape observation.25 In ordéf
to be sure that the missing atom has not just been,removea by field evaporas
tion, only unoccupied sites in the interior of a fully resolved plane, or
in ﬁhe'inner part of a homoge;eous atom chain should be identified as = |

vacancies. Interstitials have been identified as bright dots appearing

at the surface showing up as a result of lattice relaxation.26 ‘The exact

~ mechanism of image formation for these bright spots is not yet clear. :

" Bright spots of a few atom diameters have been observed to alternate with

regions of rélative perfecﬁion in neutron irradiated platinum. _Impuritiee

present would be expected to appear in a distinct way due to electronic
‘and geometric mismatch at the surface.25 Impurity atoms would stand out
~with higher brightness and fuzziness and could be confused with inter=-

stitials created by radiation damage. . .~

In all the reported'#ork to date, wire specimens have either been

- subjected to particle,irfédiatioﬁ'outside the field ion microscope or

in situ. 1In the presehf work the microséoPe has been used for the first
time ﬁo observe damage pfoduced in bulk'specimens subjgcted to neturon
irradiation. - |

_In view of the présenh state of.phé theory of strain contrast, this

investigation is partly_de#dted to its extension and applicability to ‘the

-prediction of the natﬁre'of radiation induced defects in BCC metals. The

neutron dosége level and temperature of lrradiation have been so chosen to



"microscopy and field ion micrdscopy has been attempted in this investie~

b

give defect clusters small enough to be analyzed by strain contrast. Two
specific cases have been selected. Irradiated molybdenum samples in the
as=irradidted and ifradiated~annealed conditions-have been examined.

A correlation between resulis obtained from transmission electron

.
~
.

gation. It will be shown that such a combined study can yield useful

results.




II. - EXPERIMENTAL PROCEDURE
Specimens used in this investigation were obtained from arc vacuum

’ : * .
cast recrystallized molybdenum sheet in the form of 20 mil/strip. The

- analysis of the as~received molybdenum sheet is given in Table 1.

Table 1

Element Fe 81 Al Ca Cu W Sn B Ti Zr Ni Cr Mn

Parts per 2L 20 5 4 2 100 10 10 1L "L "1 1. 1

Million

' ' ' R
The post~test analysis is compared with the as~received analysis in Table 2.

 Tab1e 2

Element;  As~-Réceived'(ppm) - Post-Test (ppm)
0y . - 25 3 | 13

H, ‘ ‘ 2 1

N, 5 . 2

¢ 150 o 160

Prior to ilrradiation the specimens were annealed in argon for one

“hour at 1200°Cf Specimens weré-irradiated in an aluminum can stacked

(by twos) between aluminum filler'pieces, for heat removél, in a helium

atomosphere, The irradiations were conducted in the Oak Ridge (ORN-Q})

- reactor at a doéagé level of ~lxlOl9 nvt, E > 1 Mev at reactor ambient

~ temperature.

Supplied By Universal Cyclops Steel Corporation.

Chemical analysis supplied by Nuclear Materials and Propu131on Operatlon,
General Electric Company, Cincinatti, Ohio.

Irradiation supervised by Nuclear Materials and Propulslon Operation,
General Electric Company, Cln01natt1, Oh;o. : '

KK

KK



A heﬁ method for'obtaining apeéimens for both electron and field
ion micfoscopy from the same strip'molybdenum was aftcmbted, involving
the thin foil technique for electron microscopy and preparation of sharp
tips for field ion microscopy from bulk metal rather than from wires.

A. Specimen Preparation for Electron Microscopy -

Electron transparent foils were obtained by electropolishing the éO
mil thick molyﬁdenum‘strip by the window method in an»eléctrolyte of
87.5% méth&l alcohol and 12.5% sulfuric acid at 0°C using a D.C.voltage
ofv6~8 volts., In.order to eliminate the pdssibility of intérpreting
polishing defects or dirt on the surface as defect clusters caused by
irradiation, both the unirradiated control specimen and the as-irradiated
specimen were electropolished together under identical conditions. The
1 irradiated foils'obtaiﬁgd had negligible (B + ) activity.

A Siemens Elmiskop'I microscope equipped with a double tilting stage
was used‘in'this investigatioh. ‘A two-beam orientation is necessary for _
.contrast analysis of defects. This can be obtained using the double
tilting stage;' Before attemptihg any anélysis of the bright and dark
field micrograéhs, the diffraction pattern must be oriented properly

(180° plus magnetic rotation) with respect to the image.

B. Specimen Preparation for Field Ton Microscopy
A new technique was used for pfeparing specimens for field~ion

microscopy from the bulkfmetal. "The advantagé of this method would be

~the elimination-of any discrepancies that might arise in carrying out a

study of radiation damage using two different physical forms of the metal,

namely strip and wire, thereby eliminating the differences in chemical
'composition between wire and strip entering thewanalysis of results..

Conventional field~-ion specimens are in the wire form.

7
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'Masked edges left over after electropolishing the 20 mil strip by
-fhe window method, were used as the starting.point'for the field~ion
' specimens.l The irregular wirew=like pieces were electropolished using
- the thin layer electropolishing fechnique. The method involves dipping
the specimen through a thin layer (5mm) of an aqﬂeous solution of potassiﬁm
~ cyanide (10%), flosting on top of an inert liquid, carbon tetrachloride.
An A.C. supbly of 1-40 volts is usecd, with gas evoiution always occurring
during specimen preparation.

' dreat care was exercised in polishing in order to obtain as symmetrie
cal a tip as possible. The specimens were made to revolve about their own
axis whilst electropolishing in order to smooth out irregularities. Tip
formation resulted easily and fhe field~ion images ﬁere'comparable to |
those ébtainéd from wiré specimens.,

27

The field~ion microscope used in this investigation is shown in
Fig. 6a. The spetimen has a sharb tip at the lower end (radius of lOOR).
The microscope chamber is evacuated to a pressure of lxlO-Y Torr and the
specimen is cooled with liquid nitrogen; Helium is used as the imaging
gas and is admitted fo the_micfoscope at a pfeésure of a few microns.

On Application of a high positive potehtiai to the spécimen, the helium
gas is ionized at ﬁhe high field regions eiiéting over protruding atoms
_on the surface of the specimen, and the hellum ions form an image on &
fluorescent sc¢reen placed a few inches frém the specimen. The image
obtained approximately represents.a stereographic projection of the .tip.

Surface layers can be removed by field evaporation, whereby under higher

applied fields the metal atoms are themselvés ionized.
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III. EXPERIMENTAL RESULTS

As General Observations

Initial 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 fthat a large prOportion't
of edge-on loops were obtained which facilitates the applicability of
the strain contrast theory in dark field‘(i.e., g ' R is maximum for
contrast, where»ﬁ is the displacgment vector associated with the loop). ”

Bright field micrographs of unirradiated molybdenum (Fig. la) were
free of defects 6bserved in irradiated molybdenum. - fhe bright field
micrographs of as~irradiated (lxlol9 nvt; En > 1MeV) molybdenum show a
very lérge number of spot defects (Fig. 1b). Figure lc shows the dark
 field micrograph of the same area as in Fig. 1b. The very large number-
of black-white lobed images makes analysis impossible. Tﬁe high density
of induced defects results in overlapping strain fields; and a number of
reversals in éontraét are evident on both sides of thé extinction contours
in the bright and dark field images., It can be assumed that these strain
contrast images arise fram radiation induced defects and not as a result
of electropoiishing,28 since the unirradiated foil. electropolished |
similtaneously did not show these defects. 1In addition, the number of
observable defects increases towards thé thicker regions of the foil, ag
wou;d be expectéd of an evenly distributed damage structure. A count of
the number of images observable.in Fig. 1b shows that the defect density
increases from ~hx1016 defects per cm3 at a foil thickness of 2to, to
~6.U2v1016 defects per e’ at thicknessvof bt,. The strain contrast

images are in best contrast at foil thicknesses of an odd number of

extinction distances.lg

©
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Bright ficld micrographs show denﬁded regions of defects to ~4ook
on each side of grain boundarics (Fig. 2a). Some micrographs show pre-
- ferential damage formation.

Figure 24 shows a dark field micrograph of a line of defects in the
(111) direction with parallel lines of no conbrast (marked X-X). The
bright field micrograph (Fig. 2c) of the same area shows black spot
defects evenly distributed, and no preferential damage is observable
in the X-X direction. All the strain contrast images have the same line
of no contrast and streaking direction. The line of no contrast separates
the black and white portions of the strain.contrast image, while the
streaking direction represents the major axis of the black-white image.

Although under the conditions of irradiation there should be very
little direct contact type fission fragment damage, it is possible that.
(a) the aluminum in contact with the molybdenum wouid, by sputtering,
enter the molybdenuﬁ specimen to cause a different type of track, or (b)
perhaps any trace quantities of boron may, through the thermal neutron
(n, «) reaction, release the helium and lithium atoms to cause a different
type of damage structure. The similaritj to a low angle boundary is
evident, but the large distance of separation between the dislocation
lines (lOOOﬁ) and the unchanged selected area diffraction pattern seems
to indicate preferential damage formation. Region A in Fig. 2e resembles
a displacement spike, with continuous tracks caused by prﬁmary and
secondary knock-ons. The hature of the tracks indicates fission fragment
typé.damage.

Experiments'with ifrddiatéd molybdenum,[lxldlgnvt; E > 1MeV] annealed
at T60°C for one hour yielded more interesting results. Three sets of

experiments were performed. TFirstly, the same area was observed in bright
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and dark field using different diffraction vectors, keeping s constant.

Jecondly, another area was observed in bright and dark field changing

the sign of s while keeping the diffraction vector constant. Thirdly, |
an area was observed in dark field at s < O with different operative .
diffraction vectors.

B. Dependence of Strain-Contrast Images on the Diffruction Vector A ;

The same specimen area can be imaged with different operating
diffraction vectors, resulting in different extinction distances. Those
dislocation loops which do not change sign for a sufficient variation of
the extinction distance lie immediately below one of the surfaces. Then
the dark~field image would give the correct nature of the loop5.28 That
is, the number of "wrong sense" images decreases as the order of reflec-
tion increases. |

Figure 3 shows bright and dark field micrographs of the same area
at s > 0. Figures 3a and 3b have the same (110) diffraction vector
operating in bright and dark field, while Figure 3c has 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 developed by Okamoto
et al.29 Stereograms suitably oriented give projections of the (111),
(110) and (0ll) directions which are of importance in BCC metals. As
shown in Pig. 3, the lines of no contrast are distinctly normal to fhe
projected (111) directions indicating that the Burgers vectors of these
defects-are of the type %-(lll).l5 The direction of black-white streaking | Wy
is in the projected (110) diractions indicating that the loop planes of

these planar defects are {110]}. ' _ |
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fxamination of Figs. 3% and 3¢ show tﬁat all theAblack;whiie hmlgés
(4,B,C,D, and E) visible have the same (pafallel).lines of no contrast
and direction of streaking, and are, therefore, éf'the same type = same
Burgers vector and loop plane. Since in (b) and (c) the lines of no |
contrast and the &iréction 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 victor,vand thereforé must be plate shaped defects, i.€.,
loops.

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

The sign 6f the deviation parameter s‘dgtermines‘which part of.thé
foil is in good CQntrasp. In dark field, when s < O, the top of the foil
is in good contrast while whén s >0 the bottom of the foil is in godd
‘ contrast.l9 Using thege'two imaging conditions, the position of the |
defect in the foil can be approximately estimated. However, when s # O
the effective extincﬁion;distancevis decreased.

Figures 4 and 5 shoﬁ areas of irradiated = annéaledvmolybdenuﬁ bb-
‘served in bright and dark field with the same'operating (llQ)ibeam under
conditions of s negative and s positive.. The approximate position_df each
of the marked defects, determingd on the ba$is of visibility under differ=- -
ent signs of s, are ﬁabulated alongside each of the figures. An analysis
bof the Burgérs vector and loop plane of each defect is alsp given.

" Some of-thé lérger defects shéw'faint double;arc contrast in bright
field. Loops unsuitably orieﬁted ﬁo:gi&e_gdo@ strain contrast images iie
in the plane of the foil and will give good'double arc contrast. Defeéﬁ X
in Fig. &, for example, shows douﬁle.arc cohtrast with a clear line of.no_

contrast parallel to the [10I] projected direction with the [1I1] pro-
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jected direction normal to the'iine of no contrast. The displacement of
the double~arc image is in the'[OiO]'projected'diréction. According to

the double-arc model, the loop plane of;this particular loop is [Tol]

- and Burgers vector %(lil}. qu the analysis of these radiation induced

defedts in Figs. 4 and 5, the foil orientation was accurately determined
using the BCC Kikuchi map.29 |

D. Determination of Defect Densities

Lo

An ésfimation of the density of defec£ clusters was attempted usiné
bright field electron micrdgraphs énlarged to a magnification of 204, 000x.
A count of the number éf defects per unit volume in both the as=-irradiated
and irradiated-annealed states was made near the edge of the foil where |
extinction contours allow thé foil thickness to be estimated. The results

are shown in Table 3.

. . TABLE 3
Irradiation _V_Number off“- Average'Defect Theoretical number
Condition Defects - Diameter (A) . o of 5
per em? Displacements/cm
 As-irradiated 5.ouxlol6' - 100 R 2;92x1021
e : 16 - A
Irradiated= L.4hkx10 - 200

anngaled at
760° (1 hour)

- The high dénsity-of defects in the as-irradiated foils makes it
difficult to distinguish between superimposed clusters. The number of
clusters/cm) can be compared vo the theoretical number of displacements

per unit volume, <NDt)' Using»thé Kinchin and Pease model,Bo

=

&



" field~ion micrographs has been discussed elsewhere.

 streaking has been observed in cold-worked neutron irradiated tungsten

- ™
N _ L <2 L / mw;
Dt th
where Lc = threshold energy for production of knock=-ons.
Ewax = maximum energy transferred to atoms by neutrons
E_ = minimum energy for focusing,

and the values of each of these variables suggested for molybdenum by
Dowhey and Eyre,9 the theoretical aumber of displacements/cm3 under the
present irradiation conditions is shown in Table 3.

E. Analysis by Field Ion/Microscopy

Micrographs of pure molybdenum'tips; prepared from wire specimens,
taken at liquid nitrogen temperature, show adequate resolution (Fig. 6b).'

The individual atoms on the (111) planes are not fully resolvable as the

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

area. The (0l1) and (112) planes are clearly resolved.

Micrographs of irradiaﬁed molybdenum tips prepared from bulk give

slightly distorted images which may be due to poor electropollsnlng

(resultlng in asymmetrlcal tip formatlon) " In one partlcular sequerce,

streaking was observed as shown by the 51ngle streak along the (110)

vplanes in Fig. Ta. On field evaporation, the streak disappeared leaving
- behind an'incbmplete inner ring of (110) atoms. On further field evaporas~

~ tion, complete (110) rings were obtained (Fig. Tb). Streak contrast fram

31,352,353 Conéiderable'

531
undé is associated with the interaction of point and line defects. The
precise role of electropolishing and clustering of interstitial impurities

. _ . . : , 1.%2,%
in sireak contrast is not lknown.ow?2=229
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thexr observaﬁions;on irradiated molybdenum fieid-ién‘micrographs

included the appearance of bright;spots (rig. 7c).v‘The size of these
brighﬁispots.(a few atom diameters) as well as their enhaﬁced local in-
tensity indicate a local disturbance of the normal arrangement of the‘
material. These may be due to either interstitial atoms bulging oﬁt‘of
the surfééé‘or due to impurities in the material (see Table 1). |

inspection of some lOO:fieid evaporated {110} planes'failed to reveal
vacahcies. The density of vacancies must be very Low. With‘the limited
experimental material.availablé,'it is not posgiﬁle to explain the laclk

of wvacancies.




extinction distances.

17

IV. DISCUSSION
The discussion is'dividéd into two sectidns, the first dealing with
the extension of the strain cbnﬁrast theory to radiaﬁion induced defects
in BCC metals, the second dealiﬁg with the irradiation behavior of

molybdenumn.

1. Extension of the Strain Contrast Theory to Radiation Induced Defects

in BCC Metals

An interesting observation that can be made from Figs. 3, I, and 5
is that every'oné of the analysed strain contrast iméges have the black
side of the bléck-white imagé in the diféction of the operating diffraction
vector in d§rk field (it can be seen thaﬁ about 70% of ai;‘clearly visible

defects have been analysed). On the basis of theory this would mean that

‘most of the strain contrast imagés'are from interstitial loops. Bell et’al.':l"9

have pointed out, however, that in FCC systems (primarily aluminum and its
alloys) it does not seém possible to unambiguously determine vacancy and
interstitialvstrain fields using strain contrast imaging except for the
speclal cgse-of defects within'to/e o ény surface. The various para=

meters that have to be considered for both bright and dark field cases

" have been listed.l9 Figures Ba and 8b show cases where reversals of

images were observed in irradiated-annealed molybdenﬁm foils at s < O.

Even in these cases, the number of "vacancy" type images seem to be few

" in number.

Amongst other observations, it is found that the best strain contrast

- lmage is observed in foils for which the thickness is an odd number of

19

.The length of the black and white lobes of the

strain contrast image vary with the particular sign of s and position in

the foil. In dark field, the ﬁhite.part is equal in length to the dark
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<0,

ae}

part (measured along the direction of étreaking at s = O. When
vhe white part is loﬁger than the black part, while when s > 0, the
opposité 1s true, because of'the.change inAbackground.
. . A . .
Since dark field micrographs exhibit best contrast around defects
near the lower surfaée_of the foil for s > 0 and near the upper surfuce
of the foil for s < 0, by imaging under these conditions (Figs. L and 5),
it is shown that the induced defects are evenly distributed in the.foil.
However, defects near the center of the foil will show up under both
imaging conditions, especially when the foil is thin and the ioops'are
edge on. However, with higher order reflections, the larger extinction
“distanceé are more sensitive to changes in s, making'imaging conditions
critical. The size of the dcfect in relation to t, and the foil thickness
is, therefore, of considerable‘importance, especially in the case of
planar defécts.
If the SPecimen’is ériented such that the Burgefs vector and the

normal to the habit plane are in the plane of the foil, then definite

statements concerning the nature of the defects can be macle;l9 Table L

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. It
can be scen that since the Burgers_vectbr and the normal to the loop
plane nearly always lie in the plahe.of the foll, the éonclusions as to
defect character should be correct. |

| A Déféét density is another fact0r which*cah affect the character ofv
strain contrast images. No attempt was made at analysing,the defect |
structUreviﬂ as~irradiated molyodenum becausé of the proximitj ofVOther

defects.




TABLE L

Foil Orientation ’ (112) {123} - {123)
Direction of Burgers “I1T 111 11l
Vector

Direction of Loop o 01l ' off -
Plane Normal : '

Aﬁgle Between Foil Normal o - o .
and Burgers Vector S 62 90 90
Angle Between Foil Normal - - . o .
and Loop Plane Normal 90 , 79.2° ' TL

It has been shown theoretically that the image to be expected from
a small defect depends'critically upon its position or distrance from

the foll surface as measured in extinction distances of the operating -

'reflection.28 This image can either be white on the side of the oper-

ating reflection (in dark field) or black on the side of the operating

reflection if the defect is half an extinction distance above or below

these positions. Using reflections with a longer extinction distance

is the recommended solution for causing defects, which may give compli=

cations in-characterisatioﬂ; to form an image from which the nature of
the defeét can be unémbiguously determined.

| For this purpose, the same area of an’irradiated-annealea foil of
molybdenum was examined using the (112), (310) and (222) operating re-

flectlons in dark field at s < O such that only those defects near the

top of the Toil were 1n-good.contrast in each case, At s > 0, there were

very iew reversals in image sensc.
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Al increase in the number o

o

strain contrast Lmzes was registered

e
-

)

W increasing orders of reilection. This would be expected from an

increase in the ex*lnctlon alstance,‘Aor nearly constant s. \A count wa§» ;
.made of the umber of oobservavle images ( > ]OO&) with increasing (112),
(310} and (222) reflections (i"ig. 9a,b,c), and of the number of "inter-
stitial” and "Vdcanoy images. The results are summarized in Table 5.
It is observed that the number of “vacancy" iméges decreases with increasing f
diffraction vector. Similar gounts in ion irradiatéd copper show a decrease ’

: ' . : cin s . . s 16b ;
"interstitial" images with increasing diffraction vectory ;

in the number of
There is a marked decrease in the number of so-called vacancy defects when
the (222) reflection is used, out the resolution in uark-fleld decreases
rapidly as the order of . reflection increases making the count of the
number of "wrong sense" ‘1mages very,apprdximate, It is observed that thé
intensity and extent éf contrast of!the.images are reduced with increasing
diffraétidn vector. Since ﬁhe size.of the observed strain contrast imagés ' | Z
depends on the extenﬁ of'contrast, the image'size decreases with incred sing -

diffraction vector. However, the "wrong-sense" images, which are larger

in width for lower order reflections, tend to be of the same size as the

M "

right'sonse» images for highef ofder'refleétions.
Thougﬁ, in general, strain contrast imaging techniques do not seem

to e applicable to the probiem of distinguishing between vaédncy.and
interstitial typé defetts; iﬁ this particulér case, the evidence presented
indicates that the inducéd defeéts in neﬁtron irradiated molybdenum are
redominantly interstitial in character. It must be'noted,_hpwever, thaf . .
the number ofvparameters thaﬁ can.affect the characterisation of these
delects are\so many19 that a definite conclusion éﬁ this stage seems



. observed in a field~ion microscope study of neuwtron irradiated tungsten.

Operating Reflection (k1) 112 - 310 o o222
Ixtinetion Distance (&) - 3lk2 .h72-5 - 529
Number of Strain Contrast Tmages .-lh7 | 286 338 B
Number of Interstitial Images*v . 'lli ' A_‘ 229 o 303 .
Number of Vacancy Images™ 36 ) 57 | 55
Ratio of Intérstitial: Vacancy "12:5 ’ 10:2 iO:l

As predicted by straln conbtrast theory.

24 Irradiation Behavior of Molybdenum

Theory predicts thgt as primary knock-ons are slowéd down, they dis=-
piaée bractically every atom that they encounter, creating highly localised
regioné of<damage;khown as displacement spikes.j)+ Regions of. dispersed
single.défects would also be expeéted in fhe early stagés of the'collision _
sequence since the displacements aré widely separated. The spike regiop
if;elf consists of a_central}éore of vacancies surrounded by interstitial'
atoﬁs.  This arrangement 1s inherently unstable and‘ﬁill'be even‘more 50
at elevaﬁed tempefatﬁres. Interstiﬁial-vacancy récémbination has been
éhown to Qccﬁr.at temﬁefatures as low as 20°K és a result of élecfrical

resistivity'stﬁdies bn electron irradiated mblybdenum;55 Irradiation at

reactor ambient -temperature would, therefore, cause considerable self-

.annealing within the spikes resulfing in vacancy-interstitial anhihilation.'

A certain proportion of the interstitials are conveyed away from the spike
resion by'diffusion or by focusing leaving behind a cluster of vacancies. =

Sucn vacancy clusters would survive self-annealing, and have been directly

31
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Vacancies in molybdenum have been found to be *mmoo¢lc 4o 150-200° C.

N

>
Surviving vacanciés can, uncch§ é; be exnoctca to remain as dispersed
émucters; whiie single vacancies from earlier cqllision.sequgnces will
e randonly distributed

Previous workers oﬁ reutreon daﬁdge in molyodernum have advanced

several reasons for the lack of ovbserved vacancies in irradicted molyb-
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denum.”? T Vcaﬁln and Grc“nfield have shown

.

Interactions are proo&oly *c\po 15ible for the trapping of vacanciles.

The mobility of the particular defect created by the primery event would -

decide the future course. PGlaleClJ 1‘moblle vacancy clusters would

grow on annealing to form large defect clusters. Examples marked B in

(size measured along the line.of no doﬁtrast)‘thah those which show
interstitial strain contrast. 'Inﬁerstitials moving away frém”thé spike.
region are relatively mobile and can contribute to the growth‘of,dis-.
location loops. |

The *mourLUy content has’an.important role to play in determining
fhe annealing behaviour of i;radiated molybdenum. The most likely'traps
‘are interstitial impurity étoms. Ihe.total-i erstlulal Ampurity covtcn

o . B o o 1 .
of *the molyvdenum (carbon and nitrogen) is 1.03x10 9 a“coms/cmj (from

Tedvle 2). Interstitials created by radiation damage would be attracted - i

by interstitial impurity atams finally resulbing in the development of

Iusters as more and more interstitials migrate to the trapping centers.

o -

9 ) e . .
. Dovmey and Eyre” concluded that the interstitial cluster sizes will de-
pend on the density and distridbution of impurity trapns.

Armesling characteristics, as indicated oy recovery.in electrical

resistividty and lattice perameter show a major recovery peax at

Fig. 8 show per fect vacancy strain contrast in dark field and are larger



This has been attridbuted to the diffusion of vacancies to
e P 1- S S b e i
intersiitial impurities. Since this process does not account Tor the
recovery in lattice parameter, an alternative suggestion9 is the mutual
annihilation of single vacancies and interstitials, following second
-~ . . . . (] .
ordexr klnetlcs.57 The recovery of microhardness in the 150-200".C region

)
is also associated with the migration of vacancies to form compact

clusters.9

Comparing the damage structufe of as-irradiated molybdenum with that
in irradiated molybdenum annealed at 760°C for 1 hour,. the annealing
seeme to have had little effect on the number of observable defects

9

(“'ole 3) These results agree with those of Downey and Eyre” who

attributed the relatively unchanged 500-800°C annealing svage to the
break-up of vacancy clusters and the subsequent recoﬁbination and -
mutual annihilation with interstitiai clusters in high purity molybdenum.

It is interesting to note that no vacancies were detectable in the
field ion microscopy of irradiated molybdenum, though bright spots were
observed which could 1ndlcate predominantly interstitial aamage. It
1s not p0551ble at this sUage, however, to distinguish between inter-
stitial defects created by radiation damage and interstitial impurity .
atoms. The high density of interstitial impurity atams (1.03x1019)
prevents definite characterisation.

Two types of loops heve been observed in BCC metals, with'Burgere
vectors %(lll) and a{lOO). jObservations on the irradiated molybdenum
annealed at 760°C’for 1 hour indicate the predominantly'g(lll) loops

are present. Interstitial Joops in BCC e tals can rucleate on the ({110)

E

plane with Burgers vector 5 = 2{110), enclosing a stacking fault. They

A%

-

can shear in the early stage of growth, in eit her a '(100) or a {110)

“

ll)f

mps

direction to remove . the stackmng fault and produce loops with b =
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or v = a{100), respectlvcly° Tnxs suggests that 2(210) shear occurs.
even at higher tevperatu es resultlno in'a large nroportlon of loops
' wltn = 5(111). Since on{annealing to\?oo C, there is a predominance

of =~{:11) loops, it cen be assumed that the higher energy (110) sheax.

mqo

”recueres thermal energy to assist it "eﬁd woold,,therefore, occur nlyn
t elevated temperatures, as suagested by Jyre'andeullough.lz ll:the.-
. loops observea by double arc contraSt are circular in shape, in keeping
- with the observation that §<lll) type,loops have predicted to be c1rcul&r
‘ while‘a(lOO) type'loops'retein squ;are.sha.pes‘.l2 Tn the 500-800°C annealln;
stage g(lll} loops predo@inate, wﬁileVon,annealing to above_lOOO°C, the
higher thermal energy suppiied'wouid éive rise.to‘a(ioo) ;oops,:exclu-.
sively. | - L | |
Loops observedﬁb&‘doubie—arc cootrast obey. the basic.rules set ty'
vBoil and'Thoma.sl5 for the 1dentltlcaulon of prlsmatlc loops in BCC sySuems.
The loop plane can be unlquely 1dent1f1ed for (110) loops thougn each loop
" has two possible Burgers vectors of the tjpe —(ll*) These loops are
- _characterised by & major axis along [110] and a mlnor?axis along IOOl]ﬁ
which is normal to the major‘axis;l | ” |
Characterisatioo~of the loop plane:ané Burgers vector of sttain con-.
trast images of p*ismatic loops in irradieted molybdeoom fbllowlthe image
- characteristics predlcted elsewhere,l_3 in that the'line of no contrast of
| {110} (lll) loops is normal to the progected (lll) dmrectlon, and the " .

image is skewed about the llne of no contrast in (llO)(Flg. 10).
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V. CONCLUSIONS

Investigation of neutron irradiated molybdenum foils using trans-
mission electron microscopy reveals "black spot" defects in bright rield
micrographs, It is not pqssible to . _termine the nature of these defects
by imaging by diffraction contragt. train contr#sf imaging provides a
means of detecting inducted defegts which are too small to glve rise to
any significant diffraction contrast. ZPBright field micrographs do,
however, show characteristic damage structure, such as denuded regions
near grain boundaries and fission fragment type damage.

Strain contrast imaging of small delscts allows loop plane and
Burgers vector analysis, and, to a certain extent, the characterisation.
of tﬁe nature of induced damage. Such én analysis is possible by varying
the imaging éonditions in dark field. Using different operating diffrac-
tion vectors in dark field, it has been shown that the lines of no con-

trast and the direction of streaking'of the black-~white lobed images are

independent of the operating diffraction vector. This shows that the

defects giving rise to strain-contrast images are definitely loops.

By varying the sign of the deviation parameter s, and using the

‘criteria that in dark field the top of the foil is in good contrast

when s < O and the bottom of the foil is in good contrast when s > o,

it has been shown that the defects are evenly distributed in the Toil.

.An estimation of the defect densities reveals little change in the

. L . o
relative nmuber of defect clusters on annealing to 760 C.
Extending the double arc model and strain contrast imaging to
radiavion induced defects in BECC metals, it is observed that there ic
o .18
good. agreement with predictions.” Definite analysis of the loop plane

and Durgers vector is possible using both imaging teclniques, In this

case it is found that most of the loops are of the type [ilO} (111).

~r



‘An intéresting observation is that a largc proportion ot the annlyscd
strain contrast images haVe'the black side of the black-white image in the
direction of the operatlnr dlffracUlon vector in dark field, meaning,

.on the basis of theory, that the strain contrast images arise from
interstitial loops. IU has been pointed out elsewhe that it dees.
not seenm possible te unambiguously determine (in FCC systems) wvacancy
and inferstitial strain fields tsing strain contrast ilmaging unless
various parameters are considered. Since in most of the observed cases
Athe Burgers vector and the normal to the loop plane were approximately
in the plane‘of the foil, the defect characterisation of those images
showing 1ntcrst1t1al strain contrast is likely to be eorrect.

Imaging in dari field using increasing orders of reflection shows
an increasing number offstrain contrast images, with a decreasing ratio
of vacancy to ihterstitial images, aS'predicted by the strain contrast
theorj.. | ' .

Field ion microscopy reveals streaking and image distortion which
could>arise from severalvfactofs, including radiation damage. Interf
stitial etoﬁs appeer as briggt spots, but may“be'conqued with impurities
present;_which give rise to similar contrast. The definite lack of |
cbserved vacencies in field ion micrographs can be coupled with previous
obserﬁations_that the damage substructure in neutron irradiated molybdenumv
is primarily interstitial.

The evidende presented suggests .aat the defect strucﬁure in neutron.
irradiated molybdenum annealed at 700 C for 1 hour consists prlmarlly ol
interstitial loops with a few comearmtlvelj large vacancy clusters. The

o*ze of these defects varlcu.from'aEOuL JOOA 1n the awalriudlatca uta.te

to aboutb QOOA in the opec1meno anncxled at 760 C.

»
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TIGURE CAPTIONS
() Bright field micrograph of unirradiated molybdenum.

(b) Bright field micrograph of as-irradiated (lx1019nvt;

“‘En Z_MeV) molybdenum showing a very large number of spot

defects. A defect density count shows that ﬁhe number of
observable defects increases with foil thickness.

(c) Dark field microgrdph of the same irradiatéd area showing
a high density of induced defects.

(a) Bright field micrograph showing denuded regions of

- defects to ~1&007& on each side of a grain boundary.

‘(v) Bright field image of a different type of damage structure

than that expected from neutron damage.

(¢) Bright field micrograph showing black spot defects evenly
'distributed with no preferential damage observable in the X-X

': direction.

(d) Dark field image of the same area as in (c) showing pre=-
ferential damage in the (lll)‘direction as represented by a
line of defects (marked X-X).

(e) Bright field micrograph showing a continuous track, with

& region A which resembles a displacement spike.v The nature

of the tracks indicates fission fragment type damage.

Bright and dark field micrographs of the same area in neutron

-irradiated (lxlOl9nvt;'En > 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¢) hus a(l12)
diffraction vector operating in dark field. Comparison of the

line of no contrast and stireaking direction with the important
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(100}, (110) and (11l) projected directions shows that the
defects A, B, C, D and [k are of the same typec - viz (110]
loop planes and (111) Burgers vector.

Bright and dark field images with the samevoperating (112)
beam. (a) Bright field micrograph, (b) dark field images
at s <O bringing the top of the foil into goodvcontrast;

(¢) dark field images at s > O bringing the bottom of the

foil into good contrast: The approximate positions of ecach

of the marked defects are tabulated alongside with an analysis

of the Burgers vector and léop plane of each defect; (a). double -

arc contrast shown by a defect, X, is analysed in terms of the
line of no contrast being parallel to a projected (110) direc=
tion and normal to a projected (111) direction.

Dark field images with the same operating (112) beam. (a) and

“(c) are at s < 0 while (b) énd,(d) are at s > 0. The approximate

- positions of each of the marked defects along with their loop

Fig. 6

Fig. T

plane and Burgers yector analysisfarevtabulated alongsidé,
as in Fig. 4. . f o | |

(a), Schematic diagram of the fieid-ion microscope operated
at:liéuid nitrogen temperature. |

(b) Helium field ion micrograph of pure molybdenum at T7° K.

Helium field-ion micrographs of irradiated molybdenum tips

" prepared from bulk specimens. (a) & éingle 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 micro=-
graphs\indicating & local disturbance of the normal-arrangeméht

of atoms (c).



Fig. 8 Dark field micrographs.showing image reversals in irradiated-
annealed mol&bdehumvfoils at s <0, Defecté marked A in (a)
and (b) show "interstitial" contrast while defects marked B
~show "vacancy" contrast. Comparison with the important pro-
jécted directions‘alongside show that;all the defects markcd'A'
are of £he type {110] (lll);u B . \
Fig. 9 Dark'fiéld‘images of thé same area‘ét s < 0 imaged using
differeht diffracﬁion vectors. The increase in the number of
obserfable,images;with increasing diffraction vector is evident
iﬁ (aj, () andf(c) (see Table 5). 4
Fig. 10 . Asymmetriéal dark field strain contrast images (A) showing
~ciearly the line of no contrast separating the whitevand
black portions of thé image. The normal to the line of no
e l'1  ;vcontrast>gives thé'directiqh of tﬁé Burgers veéﬁor and the
'.-:directibn‘of stieaking gives'thetloop plahg normal directiqn

. (see alongside).
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Opposing Figure Ut
Defect Bright Dark Field Dark Field Burgers" Loop Approximate
Field " s <0 s >0 Vector Plane Position in
' ) - ' ' ' Foil
A | Barely Invisiblé Visible (111) (110} Bottom
T Visible : : ' '
B Barely Barely . Visible - (111) (110} Bottom
. visible visible : . : : | »
c Barely | Clearly Visible (111) (110} . Top .
- visible visible B ' ' : M
§
Foil Orienfation: Between [lli]’énd [012] - 14° from [111]
~
- . ¢ . « .
<
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OpposingAFigure 5

" Dark Field

Dark Field

Defec4 Burgers Ioop: Approximate Position
Y s <0~ s>0 ~ Vector "Plane’ - in Foil
A Clearly Invisible (111) {110} Top
visible . ;
B Visible Visible {111) {110} Middle §
Cc Visible * . Visible = (111) - {110} Middle 2
S o S SR S i
D Barely. - . Visible (111) {110} . Bottom . ?
. visible ST - . &,
F Barely Visible (111) {110} Bottom s
' visible _ ’
F Visible ‘Clearly (111) {110} Bottom E
~visible ‘ T : : E
G Invisible Visible {111) {110} Bottom
H Visible | Visible (111) {110} Middle
Foil Orientation: Between [111] and [012] - 1k° from [111] '
|
. s i
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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 contractor, to the extent that
such- employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






