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A bstkact

The experiments cil' M rlntyre  (19(57) 011 tho nature o f the deferís indueed 
by fast neutrons in eopper llave been repeated, and confino his result. It is 
shown that the addition of a small amnunt o f bervllium  to tile eopper does not 
affert the visible loop density. although beryllium is known to trap inter- 
stitials. It is concluded that the interstitial loops cannot be imcleated by the 
random collisions o f freo interstitials, but that soine other process such as 
prisnmtic punehing in the thermal spike must be responsible fot- their ereation. 
Our work provides considerable support for the earlier conelusions o f Makin, 
W'haphain and Minter (l!t(¡2).

§ 1. In tro d u í T LO N  

The nature o f neutrón radiation damage in eopper has received considerable 
attention since the tírst observations o f Silcox and Ilirsch (1959). Silcox 
and Hirseh observed black spots after irradiation, and postulated that 
t hese were small prismatic dislocation loops form ed by tlie condensation 
o f vacaneies. Makin et al. (1962) obtained the tirst loop-size distribution 
curves for different neutrón (loses, and noted that homogeneous nucleation 
could not aecount for the fact that the density o f ob se rm l damage was not 
a saturating function o f dose. It was also noted that the damage could be 
d ivided i uto larger and smaller types o f defects, and on the basis o f 
considerable indirect evidence, particularly the behaviour o f the defects 021 
annealing, Makin and Manthorpe (19(53) postulated that clusters smaller 
than 50 a in díameter were o f vacancy type, whereas defects bigger than 
this were aggíomerations o f interstitials.

It appeared possi ble to ver ify  this hypothesis (lirectly bv electrón 
microscopy, but techniques to do this took so me time to develop, due to 
both theoretical and experimental confusion. However, the contrast 
calculations o f Rühle, \\rilkens and Essmann ( 1905) combinedwith the depth 
measurement techni(|tie o f Diepers and Diehl (1966) now make it possible 
to determine the vacancy or interstitial nature oí* small defect clusters 
directlv by electrón microscopy. The reader interested in the history ot 
this development, together w ith a summary o f the technique, should consult 
the article by W ilkens (1969): for the purposes o f this paper \ve shall cali
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the teehnique brieíly the ‘ stereo tecluiic¡ui- ' and simply state that under 
dynamical conditions, a dislocation loop mucli smaller tlian an extinction 
distanee in diameter appcars to have an i.mage streaked in a direction verv  
nearly parallel to its Burgers vector, and characteristically black 0 11 one 
side and white on the otlier. Figure 4 shows many examples. It a vector I 
is drawn from black to white in the image. then the sense o f I depends both 
on the depth of the loo]) in the foil and on its vacancy or interstitial nature. 
The vector ! ehanges sign every half (‘xtinction distanee. and fbr an inter- 
stitial loo]) has sueh a sign that g . I is positive when the loop lies between 
the bottom o f the foil and f,,/4 in depth : negative when the loop lies 
between £tJ 4 and :S£r/ 4 in dej)th. etc. (Here, g is the operating reffection 
and the corr(‘s])onding extinction distanee.) The object o f the stereo 
t(‘chni(|iie is to determine' the depth of the loop in the foil sufficiently 
aceurately to  be* able to state whether th(’ looj) is vacancy or interstitial 
in character.

l/nfortunately, application o f the st(>reo techniipie to the [iroblein see.ms 
only to have confus(>d the pict-ure. W ilkens and líiih le ( I 9(i(¡) obtained the 
n'snlt that the m ajority of the defeets in neutrón irradiated cop])er were 
o f vacancy type, iu disagrí'ement with eontrast experiments not using the 
stereo techni<|ue by M clntyre and Brown (1!)«()). M cln tyre ( I !)<>7) repeated 
the determination. using the stereo technique, and confirtned that the loops 
were interstitial in character: Riihle and W ilkens (l!H>7) revised their 
techni(|iie. l)iit no mistake was found in their work either. Since these 
mea-surenients. Bourret and Daiitre])])e ( 1 !)<¡7 ) have claimed that the natiire 
of th<‘ daniag(“ is strongly dejiendent on the atmosphere surrounding the 
s]K'ciniens during irradiation and Riihle. Hausserniann. Huberand Wilkens 
(UNIS) have found that both types o f defect can be preseut in a given 
specinien, the larger defeets tending to be interstitial in nature.

\\ e have studied the effeets of small amounts of iin ]iuritv u])on the nature 
o f the datnage. in an atteni])t to clarifv the situation. The reason fbr doing 
this was the observation o f Kelly and .Mayer (lí)(¡!)) that small additions o f 
im purity can greatly afíect the number and size o f the interstitial loops in 
neutrón irradiated graphite. The im purity selected for our work was líe. 
because this is known from earlier work to affect the low temperature 
annealing stages in co])])er (fbr a review, see Pugh l!)(¡4).

§ 2 . E x p e r im e n ta l  D e t a i ls

I he liasic inaterials wer<‘ Johnson-.Matthey spectroscopioallv standar- 
dized cop|)er !)!)■«)«),S °0 and beryllium !)!)•!)<)% ]>urity. A  master alloy was 
itiade u|). analysed chemically. a-nd alloyed in stages to produce alloys o f 
progressi vely greater dilution. Single crystals 1 cm in diameter were grown 
und('r vacuum and annealed afterwards for sevc'ral hours in an inert 
atmosphere at !M)()°c. Chemical analyses of both (Mids o f the crvstals were 
mad(\ the beryllium eoneentration differing by a factor o f less tlian tw o at



the two ends. Other impurities were present in a conibined tota l o f less 
than 200p.p.rn.

The irradiations were carried out at the Herald reactor at Aldermaston 
at a temperature o f 40°c under a fast neutrón (E  >  1 Mev) ñux o f the order 
o f 1013ncm ~2sec_ l. During the irradiation the bulk specixnens were in 
direct contact with the reactor water.

A fte r  the irradiation, small discs w ith a <110) normal were spark 
machined and then the electrón microscope specimens prepared bv standard 
electropolishing technicjues. In all cases the ‘ bottom  : surface, i.e. the 
electrón exit surface o f each specimen, was inarked w ith small gold islands 
about 50 Á in dianieter. The observations were made in a Siemens Elmiskop
I  electrón microscope. operated at lOOkv. Positive prints were prepared 
at a total magnificatión o f about (iOOOO and the stereo pairs viewed and 
measured in a Hilger & W atts SB190 mirror stereoscope.

A ll observations thus refer to single crystal foils o f standard foil normal, 
nam ely (1 1 0 ); all neutrón doses refer to total fast neutrón dose. A ll 
coneentrations o f Be are atomic (not weiglit) per cent.

Since one o f  the objectives o f this work was to impro ve  the accuracy o f 
the stereo teelmique, some description o f our methods is in order. Three 
factors affect the accuracy o f a given  depth measurement:

(1) The magnification o f the electrón m icroscope;

(2) the measurement o f the angle o f tilt between the two stereo 
m icrographs:

(3) the precisión with which the depth measurements (parallax measure- 
ments) can be made in the stereo viewer.

W e calibrated the magnification o f the microscope using the method 
developed recently by Murray and Ferrier (1968) and then monitored the 
objective and intermedíate leus currents. Taking into account all un- 
cei'tainties, the absolute magnitication o f each micrograph is known to 
w itliin ± 5 °0. The effect o f distortions in the image on the final screen was 
minimized by oiierating with the projector lens at máximum excitation.

The determination o f the tilt angle was always made by using the 
Kikuchi linos appeariiig 011 the diffraction patterns corresponding to the 
stereo míerographs. First, a Kikuchi map was made around the central 
<110) pattern, follow ing the 111, 220 and 200 K ikuchi bands : tliis method 
is described in the book by Hirsch, Howie, Xicholson, Pashley and W helan 
(1 965). A  quick comparison between the diffraction patterns and the map 
enabled us to mensure the angle o f t ilt to w ithin 0-2°. For the usual tilt 
angles, bet-wcen 20° and 30°, this means an error in the depth measure- 
meut o f less than I %.

rrhe reproducibility and consecjuently the accuracy o f the depth measure - 
ments in the stereo viewer can be illustrated by  two typical cases. For a 
defect situated in the first layer (0 to |„/4 in depth) a typical set o f 
successive depth determinations is the follow ing : 31, 27, 31. 24, 31, 31, 27, 
21. 31, and 27 a  which gives an average valué o f 281 and a most probable
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error o f S °0. For a defect iu the seeond laver, a set o f ten suceessive 
determinations gives an average valué o f 90 A. determined also Avithin an 
error o f S%.

111 addit ion to the errors mentioned here. tliere may he an error assoeiated 
with the position o f the gold islands which mark the surface o f the foil, due 
to an intervening oxide or contaminent layer. Such an effect has been 
reported by Fades (19(59). Ilowever, our nieasurements reported in the 
next scetion strongly suggest that in our case the depth o f such a layer is 
less tha.n 1 5 a.

§ 3. K x i m í r i m k x t a l  R e s u l t s

Figure 1 shows a set o f results for puré Cu and a. dose o f 5 x l o 17ncm  2 
obtained after considerable practico with the techniquo. Facli box in 
tig. 1 refers to a single defect whose measured depth from the electrón exit 
surface is plotted in a 5 a  interval. A box on the left-hand sido o f the 
vertical lino means that the defect liad g . I positive : i.e. the defect was 
vvhite in the direction o f positive g. It will be seen. fo llow ing the rule 
(|iioted earlier, that the great ma jority o f the defects are o f interstitial type. 
Furthermore. the accuracy o f the teelm ique is such that the ¡ dead ‘ areast 
between each layer can be clearly seen. Reproduced also in tig. I are the 
results o f sonie calculations o f M clntyre and Brown (I9(>(>) based on the 
two-beam dynamieal theory. T liey  estimated the si/.c o f the ' dead ' regions 
by assuming that a. defect is invisible if  its image nowherc differs by more 
than H>°0 from baekground. The depth o f the denuded layer at the surface 
was estimated by M clntyre and Brown from a number o f indirect experi- 
ments. The agreement between the size and position o f the observed 
‘ dead arcas and the results o f the calculations is extrem ely good, and 
gives one considerable confidence in the techni(iue and in the th eorv j. 
The experim entally observ(‘d extinction distance from these nieasurements 
is 240+  15.a. taking into account the errors mentioned above. The 
ealeulat('d two-lteam extinction distance for copper is 242 a. according to 
Hifsch el ni. (MM¡5). The good agreement mtist be fortuitous, in that 
manv-beam efieets should reduco the extinction distance. and the tabulated 
electrón scattering factors for copjici’ are not entirely consistent with one 
another. rl'he earlier work o f .Mclntyre (19(57) gave an erroneous A’alue foi' 
the extinction distance. largely because o f errors in the measurement o f 
tilt angle. but also because o f errors in the .magnification o f the electrón 
microscope.

In tig. 1 it will be seen that eertain defeets run counter to the general 
trend. in that tliev appear to liavo vacancv character. A  moment s thought

i.e. the ai'eas where. because the b lack-white  natui'e o f  the eontrast is 
changing. t he defect is not visible.

It is worth uoting that the rat io o f  loops with g . I <  0 to t he total number 
ot loops is 0-;>X from the data of fig. I. This corresponds closely to M o lu tv re  
and Hrown s ( 19(>(i) valiu* o f fw =0-5(i + 0-02 for similarly irradiated co])per.
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shows that this cannot be due to uncertainty in the depth measurem ent: 
these defects must tru ly have vacancy character. They are all less than 
60 A in diameter, as the data o f fig. 1 show, and they form  a very  small 
fraction o f the total number o f observed defects— about 8% . This finding 
corroborates in a striking way the earlier hypothesis o f Makin and his 
co -workers (referred to in the Introduction) that defects o f diameter greater 
than about 50 A are o f interstitial character. I t  appears however still to 
disagree with the latest results o f Rtible et al. (1968), for although the work

Fig. I

The variation of I . g with depth for defects observed in puré copper. Defects 
with an image white in the direction o f positive g are represented 
by a box un the left-hand side. The images are from defects near tlie 
eiectron-exit surface o f a foil viewed in bright field conditions.



o f the Stuttgart school shows a tendency for the larger loops to he interstitial 
in character. they ohservre a far greatei' fraction o f vacancy defeets tlian 
\ve do.

\\ e have looked for the " atmosphere effect ’ described by Bourret and 
Dautreppe (1!)(¡7), W e irradiated copper speciinens 1 cni in diameter and
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Fig. 2
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about 1 cm thick in helium atmosphere and in a ir ; also specimens whose 
snrface had been tinned or covered with evaporated aluminium. The same 
results as for the standard irradiation were always obtained.

Our observations o f defeets smaller than 50 Á in diameter suggest that 
these are dislocation loops and not t.hree-dimensional clusters ; they show I 
vectors always nearly parallel to the trace o f (111 ) direction, or (very  
occasionally) parallel to the trace o f a <110) direction.

In  fig. 2 we show the loop-size distribution for two neutrón doses. The 
size o f the loop is taken to be its ‘ diameter ’ ; that is, the width o f the im age 
perpendicular to the direction o f the I vector. T o  find the absolute valúes 
o f the loop density, the foil thickness was measured by  the stereo technique. 
Figure 2 shows that for both doses, differing by a factor o f ten, no loop 
whose diameter is greater than 60 Á has vacancy character. The data for 
the higher dose can be compared w ith those o f Makin et al. (1962) and agree 
extrem ely well i f  it is remembered that only one loop in four will be visible 
using a <111) reñect-ion with a <110) foil normal. In  agreement with 
Scheidler, Makin, .MÍnter and Schilling (1966) the number o f loops w ith 
diameter d can be represented by k exp ( —d¡b), w ith the constant b given

Fig. 3

o f Be

The variation o f visible loop density, loop diameter, and percent of 
interstitial loops, with concentration o f beryllium.
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by 331 for both neutrón doses. The constant k is given by 5 x 1023 visible 
loops cm~4 for the higher dose. and l-5 x  1023 visible loops cni 4 for the 
lower dose. Our valué for the constant b is slightly higher than that which 
describes the data o f Makin et al. (1962), nameiy b =  261, indicating that 
our loop-size distribntion eontains a somewhat smaller fraction o f larger 
loops than theirs. However, the discrepancv is barely outside the 
experimental error.

W e turn now to the effect o f the beryllium additions. The major results 
are summarized in fig. 3. The tota l neutrón dose was held constant at 
5 x lü 17n cm -2, but the concentration o f beryllium was varied as d.;scribed 
in the Introduction. W ith  the addition o f Be,

(re) the tota l density o f visible defects did not change, but remained 
constant at 2-4 + 03  x 1015 c n r 3 (corresponding to a tota l defect con­
centration o f about 1016cm~3 when allowance is made for invisib ility due 
to  diffraction contrast e ffec ts );

(b) the average diameter o f the defects decreased ;

(c) the proportion o f defects o f interstitial character decreased, but 
never to below 40% o f the total observed.

Fig. 4

(« )
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Fig. 4 (continued)

939

(6)

(a) shows the appearance o f the damage in puré copper. and (b) its appearance 
in an alloy containing 2-4 at. %  Be. The thickness o f the two foils is 
similar, and both pictures are taken under dynamical conditions (s — 0) 
with g =  111. foil normal [110]. Both foils have been decorated with gold 
for stereomicn ¡scopy.

In  ñg. 3, the ‘ j>ure ’ copper is shown as being purer than the alloy 
containing 10-2 %  Be, although the residual impurities in it ni ay well cause 
it to be effectively o f the same purity as that alloy. Only in the alloys o f 
higher Be concentration does the a.mount o f Be dominate other impurities.

The appearance o f the damage as a result o f  the beryllium additions is 
shown in two micrographs in fig. 4. T lie  direction o f streaking o f the images 
does not change ; most o f the defeets have I vectors parallel to the trace o f 
(111 ) directions as before.

Finally, we have studied the dose dependence o f the visible defect 
concentration over a range o f doses from 4 x 101B to (5 x 1018ncnv-2. The 
data presented in fig. o refer to puré copper, but checks on the alloy 
containing 1 %  Be showed the same concentration o f defeets as is observed 
in the puré copper. The visible defect concentration varíes approxim ately 
as the one-half power o f the dose. This result appears to  confiict slightly
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with the results obtained by Makin et al. (1962) but our data agree quite well 
(w ithin the experimental error) with the data presented in tlie ir fig. .‘5; 
however, our range o f dose variation is 20 times greater than theirs, and it 
is clear from our data that the number o f visible defects varies much less 
rap id ly than linearly w ith  dose.

Fig. r>

The variation o f the number o f visible loops as a funetion o f neutrón dose.

§ 4. D iscrss iox

The tirst ])oint to make is that the dependenoe o f the neutron-induced 
damage on the beryllium  concentration in copper is very different from the 
case o f the neutrón damage in boron-doped graphite. In the latter case 
the observations o f K e lly  and Mayor (1969) and the tlieory o f Brown, K e lly  
and M ayer ( 1969) show that the density o f visible defects is proportional to 
the square-root o f the impurity concentration. In our beryllium-doped 
copper, this would mean a variation in the observed density o f damage by 
a factor o f at least ten. As íig. o shows, such a dependence is not observed.

Brown et al. (1969) suggest that a strong impurity dependence o f loop 
density will occur whenever the motion o f the defect which nucleates the 
loops is ' im purity controlled ‘ -that is. when the defect spends an 
appreciable fraction o f its túne bound to an impurity. A t tirst sight. then, 
our (lata suggest that copper interstitial ions are not strongly bound to 
beryllium impurities, at least for beryllium concentrations o f up to 2% . 
This interpretation o f the data cannot be true. First, as mentioned in the 
Introduction, the addition o f beryllium  shifts stage I  o f the low tem peratm e
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aimealing stages to liigher temperaturas; 1 at. %  o f Be shifts stage I  to 
200°k. W e tlius expect interstitials to be strongly infiuenced in their 
motion at rooin temperature by additions o f this amount o f beryllium. 
Second, the addition o f berylliiun affects the size o f the loops observed, so 
that the addition of between 0-1% and 1% o f the im purity suppresses the 
forniation o f the large interstitial loops (fig. 3 ): clearly the beryllium does 
liave some effect. Tliird, and niost iniportant, in the case o f electrón 
irradiation o f these alloys, where one imagines that the theory o f Brown, 
K e lly  and M ayer will liave some va lid ity (Brown 1.969), the visible density 
o f interstitial loops depends strongly upon the beryllium concentration in 
the range 0-1 %  to I %  at room temperature (M. I pohorski and AI. S. Spring, 
to be published). I t  seems that the mechanisin o f form ation o f the 
interstitial loops in the case o f neutrón irradiated copper is qualitatively 
different from the meehanism in either neutrón irradiated graphite or 
electrón irradiated eop})er. The interstitial loops must be nucleated 
directly in the spike its e lf: neither homogeneous nucleation, ñor hetero- 
geneous nucleation (in the sense o f nucleation on impurites) can p lay a 
signifícant role. Thus our data strongly snpport the contention o f Makin 
et al. (1962) that the damage event itself produces the loops; the stereo 
teelm ique enables us to say w ith more confidence than could be said on the 
basis o f the earlier work that both vacancy and interstitial loops result 
directly from the kinetic energy o f the damaging ion.

The picture o f the nucleation which most econom ieally leads to  this 
result is the picture o f the ' plástic spike ’ first suggested by Seitz and 
Koehler (1956). W e imagine that the prim arv knock-on (the copper atom 
which receives kinetic energy from the neutrón itself) generates a number o f 
free vacancies and interstitials, as well as a number o f vacancy loops and 
interstitial loops. The latter are generated in such a w ay that each vacancy 
loop is form ed with an interstitial loop o f equal size, by a process o f prismatic 
punchingf. There will be a distribution o f loop sizes, the largest loops 
arising from the largest energy transfers to the lattice. W'c m ay ten tatively 
identify the largest vacancy loop observed (about 601 in diameter) w ith 
the largest o f these loops. The free interstitials, and perhaps small 
interstitial clusters, can migrate ; the effect o f their m igration is to  make the 
interstitial loops grow and the vacancy loops shrink and disappear. The 
free vacancies are re lative ly inimobile. Thus, after a long irradiation, the 
defeets are found in the form  o f large interstitial loops, and, below 60 Á in 
diameter, in the form  o f inixed vacancy and interstitial loops. The 
addition o f im purity binds the free interstitials, and prevenís the separation 
o f the two loop populations by suppressing the growtli o f the interstitial 
loops and the shrinkage o f the vacancy loops. In  conditions where the free 
interstitials cannot m igrate at all, a population o f equal numbers o f vacancy 
and interstitial loops, o f máximum size about 60 Á, should be observed.

f  The picture we are presentiría; here differs slightly from the original versión 
by Seitz and Koehler (1956) in that tliey did not appear to envisage prismatic 
punching.
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Various quantitative statements can be made in support o f this model. 
First, from fig. 2, the mimber o f free interstitials which have m igrated to 
interstitial loops is equal to the mimber contained in the loop size distribu - 
tion curve to  the right o f the critical 00 Á size. For a dose o f 5 x 1017n c n r 2, 
this is about 1019 interstitials per unit volum e; this number is a tactor of 
ten less than the number needed to satúrate the beryllium im purity (at the 
rate o f one interstitial per beryllium atom ) in the 0-1 % alloy. This shows 
that we need not worry about the saturation o f the traps.

Second, i f  the same number o f interstitials found their w ay to vacancy 
loops as to interstitial loops, this would be enough to remove all the vacancy 
loops, assuming that their average diameter is about 40 Á. Thus we expect. 
to see very  few  vacancy loops, only those created just before the specimen 
was rem oved from the reactor. ( ) f  course, large numbers o f single vacancies 
remain.

Third, Seitz and Koehler (195(5), in their original treatment, suggested 
that the diameter o f the dislocation loop produced by a 300 ev spike would 
be about 30 Á. Their calculat-ion is sufficiently approximate that our 
tentative figure o f (jOÁ for the largest spike diameter produced in our 
bombardment cannot be considered to be in major disagreement w ith 
theirs.

Although the interpretation we have been g iving is extrem ely attractive, 
in that a very simple theoretical picture can explain the qualitative features 
o f our result s, additional assumptions are necessary to explain the observed 
dose-dependence o f the defect density. A  prelim inary attempt. at a 
quantitative theory predicts a mucli greater loop density than is observed. 
unless small loops are sufficiently mobile at room temperature that a 
number o f tliem are lost by amalgamation and mutual amiihilation. This 
is not inconceivable, as a number o f authors have observed an enhanced 
concentration o f quite large loops in the neighbourhood o f dislocations, 
presumably as a result o f loop m obility (see, for example, Scheidler et al.
1966).

An  interesting consequence o f the model o f the plástic spike is that one 
might expect to find a correlation in position between pairs o f vacancy and 
interstitial loo])s. A  prelim inary search for sueh a correlation has been 
unsuccessful.

W e have said nothing about the probable existence o f sub-microscopio 
defect clusters. I t  is possible to argüe that the interstitial loops are 
homogeneously nucleated, but that the addition o f beryllium mercases 
their number and decreases their size in just such a way that the total 
number visible remains constant. i t  does not seem possible to dismiss 
this explanation entirely, but certain ly in the case o f electrón irradiation, 
the visib le density is observed to increase. It therefore seems unlikely that 
this explanation can be correct.

11 now appears that the m ajor discrepancy between the results o f different 
observers o f defeets in neutrón irradiated copper concerns the number o f 
vacancy loops, especially in the very small size range. An  up-to-date
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account o f the work in this field m ay be found in the paper b y  Rühle, 
Haussermann and Rapp (1970). I f  our inodel o f the damage process is 
correct, large numbers o f isolated vacancies w ill be present in the irradiated 
copper. The visib ility  o f these vacancies will depend sensitivelv on the 
treatment o f the copper during and after irradiation— a fevv minutes at 
100°c should allow m any o f the vacancies to cluster. Furthermore, the 
v isib ility  o f these vacancies w ill depend upon the resolution o f the 
microscope. It seenis as a result o f our work most improbable that the 
presence o f small amounts o f im purity can greatly affect the number o f 
large interstitial loops ; and 011 the number and size o f these all observers 
are in substantial agreement.
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