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Thin foils of b.c.p, cobalt ar irradia.ted at room temperatllre with 6 keV Au ions (do'e betwe n
1011 and 1012 ions/cm2) lind. lIbsequently investigated by TE:VI. The di.loeation loops of vaeancy
type (rnean diameter:=:::: 7 nm) produced in the cores of the displacement eascades are analy ed
with respeet 1,0 thcir loop normal 11 and their Burger vectors b usiug fol' th contrast analysis the
fh' torder perhrrbation m tbod. For liO. t of thc loop the analy i y-ielded b = a/3 (n20) and
" :=:::: {10tO}, -t ", b :=::::: 30°. A. . mall fraction of the loop are found to be of pure edge type "ith
b a/2 (1010), 11 = {I 10}. The result are interpreted in term 01 a model of loop formation
which predicts loop eonfigurations in h.c.p. m tal depending on the axial ratio e/a, It i how'll
that th experimental data published in thc literatnre on dislocation loop in radiation dama ed
01' quenched h.c,p. metal ar in agreement with the model.

Dm'chstrahlling präparate von hexagonal dichte t uepacktem Kobalt werden bei Raumtem
l)eratm mit Goldionen (En ruie = 60 ke\'. Do i zwi chen 1 11 un I 1 12 Ionen/cm2) bestrahlt
und anschließend im Elektronenmikro kop untersucht. E werden Ver etzullu..riuge VOIll LeI'
stellentyp (mittlerer Durchmesser:=::::: 7 um) g funden, die in den Zentren der \'erlagerllng kas
kaden entstehen. Die Kontrastanalyse ergibt b = a/3 (1120) und 11 :=:::: {101 }, <t b, n - 30°
(b = Bmgersvektor lllld n = Norma.le der Ver,'etzullgsringe). Ein kleiner Bruchteil der Ringe
lm~ 'reinen Stllfenchn.rakter' mit b = a/2.(1010). Die Beobachtungen worden mit einem :\1odell
dcr Bildung von Vcr etzungsringen gedeutet, dus flu' hexagonal dicht gepackte :\1etalle einen
Einfluß des Achsenvel'hältnisses c/a auf die Konfiguration der Versetzllngsringe ,"orau '. agt. Es
wird gczeigt., daß elie experimentellen Beobachtungen, elie in der Literattu' übel' die KonfigLU'ation
von Versetzllngsringen in strah.1ellO'eschädigten oder abgeschreckten hexagonal (licht gepackten
Metallen veröffentlicht ind, mit dem vorgescl~lI"genen~Iodell im Einklang stehen.

1. Introductioll

Detailed tran lllj jon electron micl'O ope (TE '1) , tudie of radiation damag in
"-- f.c.c. aod b.e.e. m tals have hown that thc irradiation-produeed point defe t. (va

caneie 01' interstitial) howa trong tend ney to agalomerate into di loeation loop .
Thi loop formation 0 urs - in lllany ca. e. - in two tep : In a fir t step the loop.
are formed as "Frank essile loop " on the clo e-packed lattiee plane. with a partial
Bmger veetor bF ({ 111}-plane in f.e.c. metal, bF - +(lU); {llO}-plane, in
b. ·,C. metals, bF - i- (UO»). In a s cond tep, whieh i ollletimes suppre ,ed
depending on the taeldng fault energy, the Frank loops may b converted into on
figmations of lower total energy, e.g., by a transformation of bF into aperfeet Burgers
v tor b p (b p = -} (110) in f.e,e. metals, bp = -} (111) in b,c.c. metals) 01' - in the
ease of f.e.c. metal of low staeking fault energy - into dissociated Frank Joops 01'

stacking fault tetrahedra. For reviews, e ,Vilkens [1 to 3], Eyre [4].
lf this con ept i applieable also to h.e.p. metals one would expect that in these

metals the crystallographic strueture of d.i loeation loops formed by clustering of
non-equilibrium point defects (produ' d by radiation damage 01' quenehing from
high temperature ) should depend on the axial ratio c{a: For c{a > V3 the do e-pack d
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planes are parallel io {0001} whereas for cl" < 1/3 this holds for the {lOIO} planes.
In Bedion 4.2 wo will sho\y that most of the experimental data so far known on the
formation of dislocation loops in h.c.p. metals fit faidy weIl into this cancept.

Thorc i8 0110 execption: Howe and Hainvillc [5] reported Oll 'rEM investigations
on heavy-ion bombardcd h.c.p. Co (cja < 1/3). They intcrpreted their contrast obser
vaiions in terms of dislocaiion loops (of vaeaney type) wiih " = {0001} and b =
= a/ß (2023), whieh is in contl'adiction to the predil'tions outlined above. Thcrefore,
wo have repeated slwh experiments Oll h.c.p. Co nsing GO keV An ions for prodllction
of the varane)' type loops. In 0\11' investigations wo mako uso of some recent develop
mants of thc black-whitc contrast Illcthod - pl'csented in [G to 8] and espccially in
[!1] - whic'h were not knO\n1 at the timc of the invcstigat-iol1f' of [5].

2. ]~Xl)crillll'lItnl Dt'tails

Single crystalline slices of thc rcql1ired orientation were cut from h.c.p. Co single
erysials (cleeiTical resistivity ratio g(300 K)lg(4 K) = 56) by spark erosion and slIh
sequently polished hy a double jet techniqlle using an electrolyte described hy Thic
ringer and Strunk [10]. The polished specilllcns (ready for T}jM investigation) "-ere
irradiated at 1'00111 tcmperatlu'c with 60 keV An ions using an ion accelerator dcscribed
by Häussermann [11]. The ion dose was between 1011 and 5 X 1012 ionsJcm 2 . The
il'l'adiated speeimens were investigated in a Jeol JEM 150 electron microscope. The
microscope was operated at 150 kV. Thc elertron opticalmagnHication was at least
50000.

Transmission foils uf three different orientations S were investigated (nf foil normal):

S,: " r = {OOOI} , S,: ", = {1l22} , S,,: " r = {2310} . (1)

Bccause of the fcrromagnctism of thc Co specilllens (easy dil'cction [0001]) SOllle
difficulties arose in conncction with maintaining the astiglllatisllI at a sllfficiently 10w
le:,.7cl. This was cspeC'ially true for the speeimens 83 ,

a. ]'X)lcrilllcntal Rcsults
3.1 V(lcuucy 'Uutm'c oj fhe loops

A repl'esentative dynamical dark field image of a specimell ~, obtained with
g = {1120}, is shown in Fig. J. Assigning a blaek-wlute veetor 1 (d. [6 to 9]) to the
individual contrast dots it turns out that lUOst of the contrast dots are oriented in
such a way that (g . I.) > O. A few elois showing (g . I) < 0 are in genera) fairlO' sIllall
and wenk in contrust.

A comparison of the effective two-heam extinction length ~g ;:::::; 40 TIm for g =
= {1120} with the mean damage depth (X) = 7 nm HS caleulated for a ranelolll
incidence of (j0 keV Au ions Oll Co [12] allows the cOl1clnsion that the defeds obseryable
by TR1\f are almost cxclusively located in thc first layer LI of the dept,h oscillations
[6,8]. Then, sinee (g . I) > 0, it inrns ont that the defecis are of yacaney type.

The few dois showing (g . I) < 0 are aUrilHlted io 1001'S of vaeaney type, too. Their
"wrong" sign of (g . I) is explained by assllllling that they are locateu deeper inside
the foil, Le. in thc layer L2.

3.2 DetermüwUon o}" the loop 1W1'mal 11. amZ the Bw'ym's 'vect01' b

3.2.1 Specimen SI

The specimens SI were dynamically illlaged llsing for each specimcll at least two
of the three essentially different eliffraetion veeiors g = {1120}. A typieal image of
this series is shown in Fig. 1. Nearly aB of the observed contrast dots can be classified
into six groups denotated by A", Br, C", 'V = 1, 2. Thc dots characterized by the same

"
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Fig.l. D81·k field micrograph sbowing black-whitc coutrasts in Co. .l;'oil normal is near {OOOl}.
TypicaJ examples of thc A... BI.' and C,. contrasts (sec text) are cncyclcd. "'ith r('~I)Cct to thc aste

I'isks see Fig. 2

capjtalletter hut with different subscripts are l'clated to euch other b;; <t lllirror opera·
tion at a lino parallel to g. In the notation intl'oduced in [G, 8] the dats A~, BI" a.ncl
C" may be described as ('normal", "slightly distorted" , and "strangI.'" distorted" billek
white contrast dots, l'espcctively. \Ve havc lllcastll'ed the anglcs (Tl bet ween the positive
directions of land g. The l'CSll1t is

q:,(A,) ~ ± (14 ± w. ,(,(B,) = ± (~5 ± W , I(,(C,) = =(55 ~ 10)°. (2)

Thc ± in front of the brackets refer to 'V = 1,2, whereas the ± inside tlle braekets
refer to the experimcntal seatter. These 01'1'01' limits are, to nhollt equal parts, duc
to the uncertainty hy \\·hich the direl'tions of the I '-eetor ol an indi"idual cont1'ast
dot ean be mensurcd and to thc differenees of thc directions of I of thc contrast <lot
of the same grollp.

So far Illaillly the following types of Hurgcrs vectors b ill h.c.p, mctals are cliscusscd
in tbc literature :

b, = +(lliO) , b, = (0001) , b, = +(1123) . b, = -;- (2023) . (3)

(bol js a partial Bm'gers vector). The l3urgers vcetOI'S b2 , b3 , and b.,\ uro steeply inclined
with respect to tho roil plane {OOOl} af the spccilllens Si' Using thc criteria for thc
strength of the blac:k-whitc cantrast as a function of the dircctions of H. und b [6, 8, 9],
wo conclude that the Bnrgers vcctors b2.. b 3• Ilnd b4 are unlikely to cxplain the, in
genera], strong C'ontrust dots visible in l!""ig. 1. Therefol'e, we ussunlC

b = b, = +(1120) . (4)

lf the loops are of pure cdgc type, i.c., 11 parallel to bv then, by rcasolls of symmetry,
onlya threefold variety of types of contrust dots is cxpectcd whieh is in contradictiOll
to the observations. ef. (2). COllsequently wo Rssume that the contrast dots are pro-
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duced by loops with shear components. Later we will show that there a,r good argu
ments that n lies close to {lOl0}, with ..q: (n, b) ::::: 30°. Therefore in the following we
start from

n = {1010} , b = ; (1120), ..q: (n, b) = 30° . (5)

There are six orientations of loops of this kind. ''Ve have caleulated for these six orien
tations the eorresponding angles qJl using the formula prcselltcd in (9]. 'Vith reference
to a particular diffraetion vector 9 = (1120) wc obtain

(
b = +[1120]) . ° .

Al n = (OnO) . qJl(A1) = +11 ,

B (b = +[1210]). (B) +32°.,
1 n = (OnO) . qJl 1 =

(
b = +[1210]). . 0.

Cl n = (nOO) . qJl(C1) = +51 ,

(6)

Fig. 2. Comparison betwecn thc a,) observed und b)
thc computcd equal intensity contour diagrams of
the black-white contrasts. Tbe observed figures a-rc

b obtaincd from the bJack-\düte contrast murked with
an astorisk in Fig. 1 (upper figurcs Cl' lower figures BI)

.I,
,-.'

These ealeulated values agree excellently with the measured value. given in (2).
Taking the error limits in (2) into aeCOUl1t we eonelnde that n may deviate a few

degrees (~ ± 5°) frolli {IOlO} in direction of b 01' in the opposite direetion. From
the experiments presented 0 far nothil1g can be said ahout deviations of n from
{1010} in directions pcrpendieular to the basal plane sinee for the imaging conditions
applied for the speeimens SI the angle qJl is fairly insensitive to these deviations.

In a next step we have ealculated the equal intensity contour diagrams of the six
different loop orientations using again a partieular 9 = (1120). The calculations were
done using the first order perturbation method [6]. Fig. 2 shows the results for the
loop types BI and ~ ",hieh should he eompared ,vith the corresponding experimental
eontrast figures of Fig. 1. Taking into accolmt that the constrietions of the equal
intensity eontour lines at the centres of thc contrast figme' i an artifact of the ap
proximations of the method [6 to 8] the agreement of the calculated and ob crved eon
trast figures is very good. In particular, the calculations rcprodllce the classifieation
of the observed BW contrast figmes into those of "normal" (A v ), "slightly distorted"
(B,,) and "strongly distorted" (C,.) ,hape. A photographie method for the extraction

of the equal-illtensity eontour cliagrams from.
the photographie negatives of the micrographs
is briefly deseribed in the Appendix.

Some of the A" dots of the pecimens Sv
especially the larger ones, cf. Fig. 1, show the
eharacteri tio fine structure in the centrc of the
eontrast dots wrueh may oco111' for Ig . b[ ;C 1.5,
·f. [7, 13, 14]. This fine struc'ture was defini
tely not ob 'erved at the B v or the C" 100ps.

.J1.....:t I'.:..... ~.

.~~ .

":1.~.. '4IA. ,....\.
, ~.AIi·-~

6/
a



TE)[ Studies o[ Dis!ocatioll Loops in Heav,r-Ioll hrarliated H.C.P. Cobalt 565

Fig. 3. Da,rk field micrograph
showing "butterfly" contrnsts.

}"oil normal is Heal' {OOOl}

This resnlt is fuHy eompatihlc \Yit h 0111' indexing; eCJ.l1ation (5) gives (g . b) = ±:.! fOL'

'- thc A.loops and (f/' b) = ±l für the H,. and C the,.loops.
In thc specimcns S1 a fcw cxalllpies (1 to 2 u(J) of the observcd contrast dots showed

a welldeveloped Hbutterfly" contrast [6 to 8,13]. An exampleis shown in Fig. 3. Contrast
dots of butterfly shapc are cxpeetcd jf thc meun oriontation vel'tor 'ln of a Ioop [8, 9]
is perpendicular to 9 and elose to the irnagc plane (= (0001) in the case of Sl)l).
A number of physical1y reasonable loop eonfigurations \\'ero testcd whether they may
explain these butterfly contrast dots. Howcvcr wc fonnd only ono l:onfiguratiol1 whieh
explains the observations satisfaetorily:

'/I = {lI00}

b, = -} <1100) .

b = b, 01'

b, = <1100) ,
b., }
11 11 b .

(7)

In terms of the first-order perturbation I'llothod it is difficult to di:jcrilllinatc bc
tween b1 and b2• However, a perfect ßurgers vector b 2 appears unlikel~' by cnergetic
reasons. Thel'efore we asslilue b = lJ1 (partial J3nrgers vector).

Assnmjng eqlljpartition of such loops of pure cdge type OYC1' thc thl'ce essentially
different directiolls it follows that only +of those Joops prodnce a butterfly contra~t,

thc remaining -%- prodllce contrasts whieh ('ould not he distinglli:,hed llllHmbigl101181y,
from the contrast of the perfeet luops.

3.2.2 SpeciJ/lcn 8 2

Dynamical images of the speeimens of type 82 uf snffieient qnality ('ould only be
obtaincd with one pHl'ticular diffraetion \'cl'tor of type 9 = {1120}. 111 order to bring
this diffraction veetor jnto the exa('t Bragg position the foilllltlst be tilted by ahout
30° into an orientaiion of lhc image plane given by l'i ;::::::::: {lIOI}. Fig. 4 shows a Illicra~

graph obtained under this ('andition. All observecl eontrast dots t'an bo classified as oI
"normal" shapc and ean be dividcd into t\\'o groups denotcd by Ai and A2",hieh are
abont symmetrienl with respec.-t to a Hlle thl'ongh g as a mirror line. A Illcasurement
of t.he angle rp, between land f/ yields (f,(A;) = ± (8 ± 4)'.

Here again the elTor limits within thc bars are duc to the experilllental accllracy
and a seatter of the dircctions of I as weIL AssUllling as a particular ease!J = (1120)
and 'ni = (1101) the observed contrast dots ean he explained by t.he loops of thc grollp
Al and A2 as given in (G). Applieution of the forlllllia for Cfz as pl'esented in [Dl gives
Tl(A;) = ±Go whieh agrees weil to the obsel'\red values. In the speeilllcns S;"! the angle

1) Thc vector '111 is dcfincd as m = (u ± IJ)/Iu ± b[ ",here thc UppOI' (lowol') sign holds für loops
of VnCt1llcy typ(', chal'actel'ized b.r u . IJ > 0 (intcl'stitial type, characterized by u . b < 0).



566 H, FÖLL and )1. "\\"UJKEX

Fi"'.4. Dark field microO"ra hof black ,,""hite contra. t. in a. pecimen with foil normal neaJ' {1l22};
normal of th illlll~e plane near {HOl}

Cfl i cn itive to cl viation of 11 frolli {1O O} to\mrcl {O Ol}. Frolll the 'catter of
th mea Tlred rrvalu .\\"0 cooclucle that thi de,iation i: 1 r 1)a1)ly not mol' than
about ±5°.

'Loops of the groups B" and CI' ( 'f. (ß)) were not observecl in ~2' Thi: lllay be du to
itber of the followiog r a. on :

(i) The visibillty of the black-whit contrast dot of a gi" n 1 p clecreas . with
decrea ing angl y b tween 'J)}, and the l'ctron bealll clirection (normal of tho imag
plan) [6 to 9]. For th loop. B" and C" w hav y = 55° anel :~9° r . pcctivel . A cord
ing to [ ,9] th ]3" anel th " loop' are oriented do e to allel far beyonel th limi of
i. ibilily re p eti\7cl~·.

(ii) For both group. BI' and r' the Burg I yedor b i il1elin d to the foil plan
by abont 55°. In th.i ca c there i tron" probability tImt tbe. loop.: onee thcy ar
formed, may lip out of the foil du to th attradive imaa f r'e rau ed by th ad
ja nt speciDlen urfae (Jäg r et al. [15 IG].)

3.2.3 pecilll 11 3

peeimen of thi type were imaged wilh 9 = {O :..}. A·· rdingly \,e have 'tlj :=:::
:=::: " r = {2310}. In pit of eon iderabl Hort a prononne d 1ackground modulation
of "wavelength 2 to 3 nm, \\ hieh i prohably caused by pr ferential etehing during
polishing eould not b lLvoided. Fnrth rmore becan,'e of lh ferromagnetisl1.1 of Co
th performance of high-re.olution micro rraphs was extremely difficllit. A compara
tively good Illicrograph with 9 = {OOO..} i..·hown in Fig.5. In this micrograph
a dislocation running inelined through th' foil 'hows a fairly . harp fine stru ·ture
indicating that in this particular cas th re 'olution bould b adequate in order to
delect the black-whit contrast dot. of loop.· with diam t l' ~ 3 nm. However on
thi alld other micrograph. of pecimen. I 3' 110 black-white contra t do of a di loea
tion loop was found. Apo ible e~l)lanatioll of thi. fact will b pre nted in eetion 4.1.
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Fig. 5. Dark field micrograph of
an irradiated specimen with foil
normal near {1l20}. The marked
dislocation indicates that the re·
solution is high enouah to cletect
loops on the {0001} plane with

diameters ;;;; 3 Ulll

50nm
I

Specimens of type 3 when imaged with 9 = {0002} are e pecially snitable in order
to deteet loops on tlle basal plane (n = {0001}) with b = i- <2023) which were
assumed to be present in ion-damaged Co by other authors [5]. Their resnlt is not
eonfirmed in the present inve. tigation.

8.8 Yielcl jact01', size clish'ibutioll, c/'/ld cluste'l'ing efjiciency

The yield faetor Q is defined a the number of vi ible defeets per ineident ion.
A typical value for Co is Q = 0.07. This value is rougWy dose-independent, indicating
that each dislocation loop results from tlle collapse of an individual ca cad . The
reason for the low value of Q eOlllpared 1.0 f.c.c. metals is so far unknown.

In order to obtain the size djstribution of the loops, the width W of the separation
line between the black and the white lobe of the black-white contra. ts in specimen 2

was measul'ed. According to recent re uIts of Katerbau [17], w i alrnost independent
of the depth position of the loop and the best approximation to tlle real size of the
loop. The ize distribution obtaincd in this way is shown in Fig. 6. As a mean diameter
d we found d - 7 um.

The clustering efficiency '1cJ i defincd a the number 1'L of vaeancie stored in an
individualloop divided by the number 1'0 of vacan ie produced in the eorre ponding
easeade. Using the Kinchin-Pea lUodelvc can be e. timat d to

EI
va = '>.E (8)

"" d

with EI energy of the incident ion and E d di placement energy. Taking E d = 22 e'
[18] and inserting (j for a calculation of vL \Ve obtain ?Jel = 0.56 wmch compares weil

IJO

~20
B.
~

'"
~ 70-
..",

~

Fig. 6. Size distribution of the black-white contrasts. The
dashed line refers to the visibility limit
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with thc Iairly high dnstering efficicncics observed in heavy-ion bombarclcd f.e.c.
metals [3]. H. however, the largest Joops of thc size distribut.ion are u~ed (dmax ~

:::::: 12 nm) we obtain a vnlllc 'J}max :::::: LU > 1 whieb cannat be true, d. also [2]. Per
haps these "largo" loops ure not produl'ed in a single easende cvcnt hut rat her by a 001
Iapse of two adjucent loops - of whieh nt least Olle is glissile - duc to their elastic
intcractions.

4. Discussioll

4.1 lUodcl [m' file jm'Ulntioll o[ vflcallc!J 1001'S in h.c.l}' cobcdt

In thc prcccding scctions we have shown that dumuge in Co produced by energetic
hcavy ion results in thc fonnation of dislocat"ion loops of vacfincy type (mcan diameter
:=::::: 7 11m) at distances $ 10 n11l belo\\' the irradiated spccimcn sm'faue. This result is
silllilar to that found in a number of f.c.c, nnd b.c.c. metal irradiated nudel' similar
conditiol1s [l to 4]. \.vc were able to explain our TEM observations assuming that most
of thc vacancy loops have a perfect Blugel's vector of type b = +(1120) anel a plane
normal n elose to {lOIO} (~ '1'1, b :::::::: 30°). The deviations of n from this direction was
estimated to bc ;::;;: 5°, parallel and perpcndicular to the basal plane.

In addition to the perfeet 100ps a 8mall number of "Frank" loops of pure edge type
with 11 = {l010} and b = i- (1010) were idcntified. In these cases the loop area is
fanlted with atoms in a hend-on position. The specific encrgy of such a stacking
fault is assume<! to be fairly high.

The results described abo,e suggest a two-8tep mechanism of the formation of
disloC'ation loops in h.c.p. mctals wluC'h was already sketchcd briefly in Section 1 and
whieh is similar to timt outliued in [lü] for the ease of heavy-ioD damage in (b.c.c.)
tungsten.

(i) Single point defects (vacancics 01' interstitials, respeeUvely) agglomerate in
a 1l10uoatomie layer Oll a dose-packecl plalle of the type h"p, = {hkil}"p,. For cl" >
> j/3 we have h"p, = {0002} whereas in the Case of cl" < ß this is true for h"p, =
=' {lIOO}, Thus in the ease of Co (cla. "" l.ß3) " pme edge 1001' with a partial Burgers
veetor b = -} (1100) is fOl'lncd as the first step. Beeause of thc high specific stacking
fault energy of the loop area this configul'ation is encrgetically In ,·ourcd only as long
as thc loops are still faidy small.

(ii) If a loop renches duriJ1g its growth n critical size (whieh is obyiously cOllsider
ably smaller than thc observed meRD loop diameter J = 7.0 um) the staciring fault
is eJilllinated bya shcar over thc loop aren. This transformation may be describcd for
the particlllar case " = (1010) and b = b. = +[1010] by

b. + b. = b p }t [l010] + t [T~10] = t [~120] , (9)
., [1010J - .. [1210] = ., [2IIO].

(The subscripts c, s, and p refer to "eeIge", "shear" and "pcrfcct", rcspectively). As
a result of this transformation we obtain loops of that k..ind whieh wo could assign to
most of thc obscl'vcd D\V contrast dots.

After transforlllation the loop lllay l'otnte in order to bring thc angle e between b
and'#l, into its encrgetic equHibrilllll value Cu (cf. [19]). For loop sizes as observcd in
thc present experiments and assuming elnstic isotropy Eo lies in thc range between
25° and 35° and may rench evell 40° fol' compara.tively sIllall loops. Since we have
e = 30° directly after the transformation, the approach to the equilibrium necds in
general only slllaU rotations of 11. and Lhis luay explain the obscrved sIllall scatter of
tihe directions of 'Jl,. ':rhe shapes of the "strongly distorted" contrast dots as observed
in fSpecimens of orientation 81 (cf. Scction 3.2.1) are fairly sensitive to small variations
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of E. In some enses it rould be concluded {rom the shape of the contrast dots (rather
than from the direction of thc veetor I) that E is larger thau 30° and <:lose to 40°. The
questiou whether these loops were cOIllJ?lll'atively small was not investigatcd.

Thc shcar transformation described by (9) rcquires thc nuclcation of a partiAl dis
loeation (Bllrgc1's vector b g) whieh musl" subsequcntly slip ove1' the loop area. Both,
nucleation llnd slipping, may bc prcvcnted by details of the atomistic strnctul'C of
tbc loop. TllliS it is not surprising that in some eases thc transformation was bloeked
so that wc were ahle to obscrve and idcntif,)' loops in thc unsheared configlll'a.tion.

Equation (9) shows thnt tbere exist two shear dircctions which perlllit to transform
the partial Burgers ,-ector of a parti<.:ular edge loop into a pedert J311rgers veetor. In
the bulk material both shear direcl"ions are equ.ivnlcnt. By studying ion dalllagc in
tungsten Häussermann [20] and Jäger and Wilkens [16] eould show that this may
be ])0 longer tnle if the clastic interaction of the loops with the adjacent spceil11cn
sl1rfaee becolUcs significant [15]. In tbis case oue of thc two shear directions is prefe1'red
whieh leads to the stronger (negative) elnstic interaet.ion energy of the loop with the
sl1rface nnd thus to the 10we1' total cncrgy. In practicc timt shear dircction is preferred
whielt rcstllts in a larger angle betwcen the l'esnltant Dm'gers vector bp and thc plane
of the adjacent specimen sm'face. Subseqnently, just these loops with thc steeper
inclination of b p with respect to thc adjaccnt spccimen sm'face afO espccially snsecp
tible for a slipping out 01 the speeimeu (cf. [16]). This mechanism may hell' to explain
why in spccimcns of orientation ~ uo 100ps could be obseryed: 1t turns out that, in
the notation of (6), the only loop orientation, Al' which should be dsiblc under thc
imaging condition applied, may be fOTl11ed with a strongly reduced probability; e.g.
edge loops with n = (0110) may traosform preferentially ioto the loop orientation BI
rather than ioto Al'

Summarizil1g this seotion we ruay state that all experimcntal obsen'atiolls fit weIl
"- into the proposed two-step mechanislJ1 for the formation of dislocation loops in h.c.p.

cobalt.

4.2 COUll)(,/)'ison 'I,V'ith Ilfe Tes'ults 0/ othm' ltUtllOl'S

4.2.1 Axial ratio eJa < 1"3
In the paJ'tiClJJar ease of h.c.p. Co the results of Howc and Rainville [5] were already

mentioned in the introduction. The results of these authors are in contrast to the
model given in Sechon 4.1. However, taking into account the recent developluents of
thc B'" contrast method the present al1tltors are sure that thc TEl\1 observations of
[5] ean be explained bettel' in terms of the model of Scction 5.1 ruther than in terms

~ of the model 01 [5].
"\lith respect to othel' h.c.p. metals with cfa < v'3 we refer to thc il1\yestigations of

Brimhall und Maste] [21] on He and Bernstein and Gulden [22] and Kelly and Blake
[23] on Zr. In both Illctals, after neutron irradiation und subsequent anncaling treat
ment, interstitial loops wcre found with b = +(1120) and 11. elose to bor, at least,
elose to {lIOO} (1: ",. b ~ 30°). If the l'0ssihility for an arrangement 01 the 1001'
normal'U. with rcspect to b after the shear transformation of tbc faul ted 100p is tuken
ioto account (cf. Seetion 4.1), these results appeal' in good llccordance with thc model
01 Seetion 4.1.

Mg secmB to play an alllbivalent role: Hampshirc und Hardie [24] fOHnd in ql1enehed
:Mg dislocation loops of vacancy type Oll thc basal plane - which is in cOlltradietion
to the model 01 Section 4.1. However Hillairet et al. [25] and Levy [26] have shown
that in the ease 01 Mg the hahit plane of the 1001'S l'rodueed by qucnching or hy neu
tron-irradiation depends on the ill1pt1l'ity <.:ontent (cf. also I ..al1,)' und Patridge [27]):
In the most pure specimens investigated fairly largo Joops of nendy edge type (di-
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ameter ;:::::: 100 um) were found with b = -?;- (1120) and .,." elose to b. This l'csult is in
good accorclance with thc model of Süct:ioH 4.1: Für loops of SlH'h a size the eguilibriulU
angle e betwcen .", amI b lIlay he in the order of 10° 01' even less.

4.2.2 Axial ""tio cJa > V3
For Zn and Cd, whieh belang to c/a, > 1/31 we expect frolll thc model of Sedion 4.1

a nucleation of pure edge Joo!'s on the basal plane (b = +(0001»). In the ease of
vacancy loops this leads to a head-on position of atoms at thc loop area whieh 001'

responds to a stacking fanlt of high energy. This head-on position llla~y sllbseqnently
be transfol'lllcd into a staeking fanlt of fairty low encrgy hy a shear pl'Oecss over thc
loop area. As a rcsult we expcet that vacancy loops in h.c.p. metals with eilt, > V3
should be formed with n = {0001} and with a partial Burgers "eetor b = +. (2023).
Yacanoy looIJs of tbis configul'ation were in fact observecl in ion-damugecl Cd (Price
[28]) "nd in quenched Zn (Berghezan et al. [29], van Tendeloo cl' al. [:30]).

5. Summary alHl COUClllSiolls

(i) 'rEM observations show timt thc dalliage produced by GO keY Au ions in h.e.p.
cobalt leads to the formation of small clisloeation loops of '"(leaney type in the cores
of thc cljsplacement spikes.

(ii) The yield factor Q was fOtHlcl to be ::::::::: 0.07 ,,·hieh is faidy Iow as comparecl to
te.c. metals.

(iii) Inserting thc mean loop dialneter (I ::::::::: 7 nl]] a eascade efficicncy ']e1 ::::::::: 0.56 is
calculated whieh agrces well with similarly high valucs as obtained in heavy-ion bOlll
barcled f.e.c. ll1etals.

(iv) Most of thc ObSCITCd loops ware sucecssfully intcl'pl'ctcd in terms of b =
= +(1120), n "" {noo}, -t 11, b "" :30°. A small pereentage of the loops were found
t9 be of pure edge type with b = +<lIOO) and 11 ~ {nOO}.

(v) The results obtained Oll h.c.p. Co and COl'l'csponding resnlts on the fOl'lllution of
dislocation loops in other radiation dumugcd 01' Cjucnchcd h.c.p. mctals l'epoded in the
litel'ature are in essential agreement with a two-step model of the formation of dis
location loops whieh was origina.lly established for the formation of clislocation loops
in b.c.e. and f.e.c. metals.
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Ap!lenllix

Exb'acUon 01' equat 'illiensity COllIOll"l' diag','arns ["'mn 1n.ic,·og,·uphs

Für a quantitative evaluation and for Cl suitable presentatiün of micrographs an
equal intensity eontour diagralll of a partieular contrast figure 1S often desirable. If
no densitometer operating in two dimensions is available, such contotll' diagl'ams ean
be obtained from thc negative by use of a specia.l film (Agfacontour). If an original
negative is "printcd" on this film, it responds to the exposllre in the following way:
Tbc film is blackened only on sites eOl'l'es[Jonding to the density interval (l + flcl on
the original negativc. The level of cl can be controlled by the cxposure time tex., thc
width I'1d by the degree of (yellow) filtering of the light. Varying t" yields aseries of
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cqual intensity contour diagrams, each diagram at another dcnsity level. These levels
ean be controlled qnalltitntively by C'Opyillg silllultaneously a grey wedge with thc
negative. The eqnal intensity sedes may be used to obtain diagrams as shown in
Fig. 2 or for eOllstructing a very instructive colourcd "micrograph"; each calonr
corresponding to a certain dcnsity of the original. Thc gra-nnlarity cf the original
negative leads only to a Hjitter" of the contour lines, thus high optical enlargemcnts
are possiblc (ai) opposed ta magnifications of thc original whore, normally, thc granu
larity prevcnts high optiC'ul cnlargcments). Thcl'eforc such "m..icrographs" are especi
ally uscful for the prcsentation of small contrast details which are ofton hord to
recognize on copies 01' slidcs - espccially for persons who are not fumiliar with elec
troll mierographs. For details the reader is referred to [31].
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