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process. This was discovered in 1974; 
a recent study is by Marwick and 
Piller (Rad. Effects 33, 245; 1977) who 
found in a Ni-Mn-Si alloy that man
ganese concentrated in the vacancy
rich layer below the surface (the 
vacancy 'source') whereas silicon moved 
out of this layer towards the sinks; the 
segregation was very pronounced in
deed. The same investigators (J. Nucl. 
Mater. 71, 309; 1978) confirmed the 
segregation of nickel in a Fe-Ni-Cr 
alloy to the surface sink. 

It has also been found that similar 
segregation takes place near the surface 
of the tiny voids that form in some 
metals and alloys, over a restricted tem
perature range, during irradiation. 
(These voids result from the fact that 
point defect sinks are apt to absorb 
interstitials slightly faster than vacan
cies, and so those vacancies which sur
vive both recombination with inter
stitials and absorption at sinks, fimsh 
up in these minute, empty holes). This 
segregation process was first found in 
1977 in aluminium (see account in 
Nature 262, 671; 1977) and has now 
been confirmed by an exceedingly 
painstaking electron microprobe study 
at Harwell (Marwick et at. Scripta Met. 
12, 1014; 1978). Since the void diameter 
is mostly in the I 00-200 nm range and 
the irradiation-induced segregation is 
confined to a layer adjacent to each 
void of about 100 nm thickness, the 
utmost resolution of a modern scanning 
electron microscope was required to 
demonstrate the segregation, and a 
number of possible errors had to be 
checked for. Nevertheless, the findings 
are quite unambiguous : in the Fe-Ni
Cr-Mo alloy used, the Ni/Fe and Ni/Cr 
ratios (these being the three major 
elements) are enhanced near the voids. 
This matches the earlier finding, that 
nickel is enriched near surface sinks. 

These findings are by no means 
straightforward to interpret, because 
the theorist is faced by an embarrass
ment of alternative transport processes. 
The most obvious is by the formation 
of vacancy-solute and interstitial
solute associations; vacancies and self
interstitials in the host lattice become 
locked to solute atoms with variable 
binding energies, and the bound solutes 
are then dragged along with the point 
defect flux. The most comprehensive 
attempt to interpret in detail the recent 
findings in these terms is by Lam, 
Okamoto and Johnson (J. Nucl. Mater. 
73, 408; 1978), who improved a model 
they had been developing for several 
years. To make sense of the motion of 
various solutes either with the point 
defect flux (that is, to sinks) or against 
that flux (that is, to regions of peak 
radiation damage), they were forced to 
postulate very complex patterns of 
association; for instance, interstitial
solute associations were assumed to 
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differ so much in binding strength that 
some are readily mobile while others 
cannot move. There are too many 
adjustable parameters for comfort. 

A novel alternative theory has been 
advanced by Marwick (J. Phys. F: 
Metal Physics 8, 1849; 1978). Marwick 
concentrates attention on what he 
terms the 'inverse Kirkendall effect'. In 
the normal diffusional Kirkendall effect 
in a binary solid solution, found in the 
absence of irradiation, the vacancy flow 
is governed by the relative partial dif
fusion rates of the two constituents as 
they mingle with each other (that is, 
desegregate). The excess vacancies may 
form voids near the diffusion interface. 
Under irradiation, Marwick points out, 
the situation is stood on its head: a 
vacancy flow is imposed, and any dis
parity of partial diffusion rates leads to 
segregation of solute. The segregation 
process then creates a countervailing 
vacancy flux tending to cancel out that 
generated by irradiation-le Chatelier's 
Principle in operation. Marwick 
analyses the process in detail and 
proves that it is not at all necessary to 
postulate point defect-solute binding: 
segregation can result from the inverse 
Kirkendall effect alone. The faster dif
fusing species moves up the vacancy 
gradient (away from sinks) at a rate 
proportional to the difference between 
the two diffusivities; the slower diffusing 
species drifts to the sinks. This model 
makes sense of the observed enrich
ment of nickel, a slow diffuser, at 
surfaces and voids. More generally, 
Marwick postulates that the inverse 
Kirkendall effect largely governs the 
behaviour of concentrated alloy con
stituents while point defect-solute 
associations are likely to be the more 
important feature for dilute solutes. 

Much interest has been expressed in 
the implications of irreversible segre
gation for void-swelling (Marwick op. 
cit.; Harries, Nucl. Energy 17, 301; 
1978). Structural materials and cladding 
in fuel assemblies for fast reactors are 
subject to slight but potentially dan
gerous swelling as voids form in those 
parts of the assemblies which are set at 
the relevant temperatures. Intensive 
research over the past few years has 
led to the use of cold-worked austenitic 
nickel-rich alloys (containing Fe+ Ni + 
Cr+Si+Ti) which have excellent 
swelling resistance at all temperatures. 
It may now be possible to improve 
these alloys even further in the light 
of the new information on segregation, 
because it is clear (especially if the in
verse Kirkendall effect is dominant) 
that the enrichment of slow-diffusing 
species, especially nickel, near incipient 
voids must impede further vacancy 
access, both because of the preponder
ance of a species in which vacancies 
move slowly and also because of the 
inverse vacancy flux (the balmy 
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vacancy wind) induced by the inverse 
Kirkendall effect. It seems likely that 
vacancy access to voids may be choked 
off almost completely, and some further 
accurate segregation tests with various 
solutes may point the way to even 
more effective anti-void measures. 
Minor solute elements may have a dis
proportionate effect if, as is quite pos
sible, their presence has a large effect 
on the partial diffusivities of the major 
constituents and thus on the magnitude 
of the inverse Kirkendall effect. Future 
improvements may open up the way to 
fast reactor alloys containing less nickel 
than the present preferred alloy; nickel 
soaks up an undue number of neutrons 
and other alloys might be preferable 
from the viewpoint of neutron 
economy. 

Another possibility is to prevent void 
formation altogether by using a non
crystalline alloy in which, presumably, 
no conventional vacancy flux can arise. 
Rechtin, Van der Sande and Baldo 
(Scripta Met. 12, 639; 1978) have just 
reported that glassy Nb,aNi6o shows no 
void formation on heavy ion irradia
tion, and recommend that glasses like 
this be explored for use in nuclear 
reactors. 0 

A hundred years ago 

IN the December part of the 
Transunti of the Royal Academy dei 
Lincei of Rome, Prof. Cossa gives an 
interesting account of his researches on 
the occurrence of the three metals 
cerium, didymium, and lanthanum. It 
appears that although these metals 
occur always in but minute quantities, 
yet their occurrence is far more fre_
quent that is generally supposed, Prof. 
Cossa having been able to trace them 
even in bones and in the ashes of 
plants, not to speak of a_ numbe~ of 
minerals, such as certam apatites, 
Carrara marble, scheelite, &c. In 
Carrara marble Prof. Cossa found 
about two centigrammes of the mixed 
oxalates of cerium, lanthanum, and 
didymium in every kilogramme of 
marble; there were also traces of 
yttrium. 

FuRTHER experiments were made _last 
Thursday in lighting the Bntls_h 
Museum reading-room with the clectnc 
light. The result showed that by pr~per 
arrangement and at a comparatively 
moderate cost there is good reason to 
believe that the end desired can be 
obtained. The Paris Societe General_e 
d'Electricitc have made the expen
ments at their own cost. 

From Nature 19, 6 March, 424; 1879. 
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