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Redistribution of the alloying elements during Zircaloy-2 oxidation 
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Abstract 

The redistribution of the alloying elements from the intermetallic particles into the oxide matrix has been examined for 
oxides formed on Zircaloy-2 in steam at 400, 500 and 600°C. The outer area of the oxide where the alloying elements are 
fully oxidised was emphasised. At 400°C little migration of Fe, Cr or Ni for any distance greater than the particle radius 
away from the original particle boundary was found. Within one radius of this boundary only iron migrates out of the 
precipitate and forms local agglomerations of almost pure iron oxide around the particle periphery. After 500°C oxidation the 
iron has diffused to greater distances from the original particle boundary and segregates in individual ZrO 2 crystallites that 
are high in iron. Si is found segregated in the boundaries of such crystallites but not elsewhere. Chromium remains largely 
within the boundaries of the intermetallic but forms infrequent small 'growths' on the periphery. Small Zr2(Fe/Ni) particles 
show both iron and nickel diffusing out and segregating but this segregation happens within the particle boundary for 
Zrz(Fe/Ni) particles larger than 1 Ixm. At 600°C most of the alloying elements diffuse out of the particle volume into the 
oxide matrix, and little or no segregation outside the particle boundaries was found. These effects can be interpreted in terms 
of the local oxygen partial pressure within the oxide and the effect this may have on the diffusion of the alloying elements. 
© 1997 Elsevier Science B.V. 

1. Introduction 

Of the alloying elements in the Zircaloys (Sn, Fe, Cr, 
Ni) only tin is in solid solution, and hence relatively 
uniformly distributed over the advancing oxide/metal in- 
terface during high temperature oxidation. Iron, chromium 
and nickel are essentially insoluble in the metal at low 
temperatures (<  600°C) and are, therefore, present almost 
entirely in the form of second phase particles. There are 
two different intermetallic compounds present 
Zr(Fe/Cr)2+ 1, which occurs in two structural forms, 
hexagonal (C14) and cubic (C15), and Zr2(Fe/Ni) with a 
tetragonal (C16) structure [1]. Both compounds occur in 
Zircaloy-2; only the Zr /Cr /Fe  phase occurs in Zircaloy-4. 
The proportions of cubic and hexagonal Zr(Fe/Cr)2+ x 
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present can be varied by differing fabrication routes, but 
both are commonly present, usually with the hexagonal 
form predominant. The relative stabilities of the two forms 
may also be regulated by the presence of dissolved oxygen 
in them [2]. A small number of particles of other, insoluble 
impurities are also generally present [3]. 

During the initial oxidation of zirconium alloys a thin 
coherent oxide film of ZrO 2 forms over the whole surface, 
including any intermetallic particles lying in the surface 
[4]. The effective oxygen partial pressure for zirconium 
oxidation at the oxide/metal interface is very low, and the 
thermodynamics of the oxidation process [5] give an esti- 
mated value of this of 10 -75 atm at 400°C. This is too low 
for Fe, Cr and Ni to oxidise at this point. Oxidation of 
these elements can only occur at some point between the 
oxide/metal and the oxide/environment interfaces at 
which the effective oxygen partial pressure for oxidation 
of these elements is reached (Fig. 1). The manner in which 
an intermetallic particle oxidises will therefore be deter- 
mined by whether it was present in the original metal 
surface, or was subsurface at the start of oxidation. 

0022-3115/97/$17.00 © ]997 Elsevier Science B.V. All rights reserved. 
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Fig. 1. Schematic diagram of  the oxide fi lm formed on Zircaloy-2 
in 400°C steam illustrating the p O  2 values for Zr, Cr, Fe and Ni 
oxidation in the oxide fi lm and some unoxidised precipitates. 

Fig. 3. Bright-field TEM micrograph of  ZrO 2 crystallites at the 
400°C oxide surface. 

The behaviour of intermetallic particles in the original 
metal surface (or whose distance below it was very small 
compared to their diameters) has been considered earlier 
[4,6,7]. In this instance a thin coherent ZrO 2 layer is 
formed first, and the Fe and Cr then diffuse through this to 

the environmental interface where they form oxides of iron 
(Fe304, Fe203) and chromium (Cr203) respectively [6-8]. 
The manner in which they diffuse to the surface is not 
known at present, but there is some evidence [7] that Fe 
may remain unoxidised during this process. 
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Fig. 2. Corrosion curves for Zircaloy-2 in atmospheric pressure steam at 400, 500 and 600°C [14]. 
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The sequence of events that occurs for intermetallics 
that are initially more deeply buried in the metal is more 
complicated. It has been observed [9] that the Zr(Fe/Cr)2+ x 
particles do not start to oxidise immediately after the 
oxide/metal interface passes them, but remain metallic 
until they are 100-200 Jam away from this interface. While 
they are still electrically connected to the metal the inter- 
metaUics are cathodic to the matrix, and are thus cathodi- 
cally protected from oxidation [10]. It has been found that 
the layers of oxide close to the metal/oxide interface are 
highly conducting, and appear as simple resistances during 
AC impedance spectroscopy [11]. Hence, although initially 
the embedded intermet~.llics are completely surrounded by 
the oxide matrix, this oxide may be so electrically conduct- 
ing that they still maintain electrical contact with the metal 
and continue to be cathodically protected. When this ca- 
thodic protection is lost the Zr component of the inter- 
metallic particle rapidly oxidises, and the Fe is rejected 
and appears as bcc Fe particles within the original bound- 
aries of the particle. Precisely what happens then is not 
clear. There is evidence that Fe migrates out of the original 
particle volume, but little is definitely known about how it 

does this, or where it ends up. The local effective oxygen 
partial pressure is still too low to allow iron to oxidise to 
the F e  2 +  o r  F e  3 +  condition, but some interaction of 
oxygen with the bcc Fe particles may start at this point. 

The aim of this study was to try to locate the Fe, Cr and 
Ni after Zr(Fe/Cr)2+ x and Zr2(Fe/Ni) intermetallic parti- 
cles have become completely oxidised, and especially to 
try to establish whether these species occupy positions in 
the bulk of the oxide crystallites, or are preferentially 
located in the crystallite boundaries. The behaviour of 
impurity atoms, such as Si, which are often present in the 
Zr(Fe/Cr)2+ x and Zr2(Fe/Ni) phases (although they may 
also be present as separate silicide or silicide/phosphide 
particles) was also pursued, since this may be relevant to 
the nucleation of the nodules during nodular corrosion 
[12,13]. 

2. Experimental  

The specimens for investigation were selected from a 
set of samples of Zircaloy-2 (batch Ac), that had been 
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Fig. 4. Bright-field TEM image of an unoxidised Zr2(Ni, Fe)/Zr(Cr, Fe) 2 intermetallic particle pair together with their EDX spectra. 
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Table 1 
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Test conditions Weight gain (mg/dm -2 ) Oxide thickness (Ixm) Appearance 

Zircaloy-2 sample details 
400°C steam/984 h 49 3.3 black uniform 
500°C steam/151 h 161 10.7 black uniform 
600°(3 steam/10 h 101 6.7 black uniform 
Unoxidised - - - 

Analysis of Zircaloy-2 

Element Zr Fe Cr Ni Sn 
wt% bal. 0.145 0.1 0.055 1.47 

oxidised in steam at 1 atm pressure at either 400, 500 or 
600°C [14]. The selected samples were from positions on 
the corrosion curves just after the kinetic transition, at 
positions where the posttransition porosity would just  be 

developing in the oxide (Fig. 2). The details of the speci- 
mens selected are given in Table 1. By choosing speci- 
mens oxidised in low pressure steam it was expected that 
processes that might have dissolved some components of 

Fig. 5. A bright-field image of an hcp-type (Cr, Fe) 2 precipitate, its EDX spectrum and the SAD pattern acquired from the precipitate. 
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the oxide in aqueous solution [15] or where material might 
be volatile in high-pressure steam [12] would not be 
operating. 

The samples were :initially cut to prepare cross-sec- 
tional thin sections for transmission electron microscopy 
(TEM) [16]. However, the ion-mill available was unable to 
uniformly thin both the ZrO 2 film and the Zr metal matrix. 
Oxide bridges were always left that were too thick for 
TEM imaging, and broke if further attempts were made to 
mill them to transparency. In order to get specimens of 
oxide thin enough for TEM, therefore, the oxide was 
stripped and thinned by the technique described by Airey 
and Sabol [17], with some minor modifications. Oxides 
were ion-milled from either the metal or the oxide sides 
and sometimes from both sides. 

Preliminary examination of the thinned oxide sections 
and mapping of the locations of interesting intermetallics 
was performed on the' Philips EM430 at Mount Sinai 
Hospital. The sections 'were then transferred to the JEOL- 
2010F, equipped with a LINK-ISIS analytical system at 
McMaster University. This was initially operating with a 
probe size of ~ 1.0 nm and a maximum magnification of 
800k × in STEM mode. However, it was upgraded to 
operate with a 0.5 nm probe and 1000k × magnification 
during the course of this study. This upgrade improved the 
ability to view and analyse crystallite boundaries in oxides 
where crystallite sizes were often only 10-20 nm in 
cross-section. 
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Fig. 6. Bright-field TEM image of an oxidised Zr(Cr, Fe) 2 precip- 
itate at the 400°C oxide surface and its EDX spectrum. 

3. Results  

The oxide crystallite structure, for a specimen oxidised 
at 400°C, and well away from any intermetallic particles is 
shown in Fig. 3. The cross-sections of the crystallites, 
which were probably columnar [18] are irregular, show 
Moir6 fringes as a result of overlapping and are relatively 
large (30-40 nm). Fe and Cr contents measured by EDX 
analysis were barely above background. Intermetallic parti- 
cles within ~ 100 nm of the oxide-metal interface were 
still metallic, as reported previously [9]. Fig. 4 shows a 
pair of intermetallics where the Zr(Fe/Cr)2+ x particle 
(right) has nucleated on the Zr2(Fe/Ni) particle (left) that 
precipitates first during cooling from the [3-phase, where 
all alloying elements are in solution. Note that the Fe / N i  
ratio in the left hand particle is > 1, which is typical of 
these particles, whether isolated or paired with a 
Zr(Fe/Cr)2+ x particle. The F e / C r  ratio of the 
Zr(Fe/Cr)2+ x particle in this pair is, however, much less 
than one, and considerably less than the value of 0.8-0.9 
typical of an isolated Zr(Fe/Cr)2+ x particle in this batch 
of material (Fig. 5). This reduction of the F e / C r  ratio in 
Zr(Fe/Cr)2+ x particles nucleating on a previously formed 
Zr2(Fe/Ni) particle was typical of such pairs of particles. 

After exposure at 400°C the oxidised intermetallics 
near to the oxide/environment interface showed irregular 

boundaries which appeared to consist of a series of 
'growths' or pustules on the particle surface (Fig. 6). The 
iron to chromium ratio of these particles was lower than 
for the initial unoxidised particles. X-ray maps of such a 
particle showed that the 'growths' on the particle surface 
were high in iron and oxygen, whereas chromium re- 
mained almost completely within the initial boundaries of 
the precipitate (Fig. 7). Si was segregated within the 
particle and in an area adjacent to one of the iron oxide 
'growths'. Spot analysis scans across three of the 'growths' 
on this particle (Fig. 8) showed that the growths were 
almost pure iron oxide, with very little chromium and only 
about 8 at.% Zr. The results from profile #1 are shown in 
Fig. 9. These 'growths' were quite typical of the fully 
oxidised intermetallics, although they were not always as 
widely distributed around the periphery of the particle as 
in the first example (above). They were often difficult to 
see in the imaging conditions in the Philips TEM, but were 
more easily visible in STEM mode in the JEOL-2010F. A 
second example of these 'growths' is shown in the TEM in 
Fig. 10, and the X-ray maps obtained in STEM mode are 
shown in Fig. 11. This was initially thought to be a 
Zr2(Fe/Ni) /Zr(Fe /Cr)  2 pair, but no evidence of Ni could 
be found in either particle, and it was concluded that the 
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300 n m  

Fig. 7. X-ray maps acquired in STEM mode of the precipitate shown in Fig. 6. 

'second particle' was actually a very large iron oxide 
'growth' that had almost completely depleted the initial 
Zr(Fe/Cr)  2 particle of iron. Some other small iron oxide 
growths were, however, still formed around the particle 
periphery, inside which most of the chromium remained. 
Spot analysis scans again confirmed the very low Cr level 

in the iron oxide 'growth' and the presence of 6 -10  at.% 
Zr in different areas. 

After oxidation at 500°C evidence of these very lo- 
calised iron oxide 'growths' was found infrequently, and 
they were not as distinct (Figs. 12 and 13). Iron contents in 
the oxide matrix adjacent to the particles (Fig. 12-oxide 
matrix analysis) were much higher than were observed at 

Fig. 8. STEM image of the same precipitate showing the locations 
of the X-ray analysis profiles that were measured. Each profile 
consisted of 20 spot analyses at equal intervals along the line 
indicated. The measurements stopped after spot 7 of profile 3. 
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Fig. 9. X-ray analysis profiles for line #1 of the image in Fig. 8. 
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400°C. The X-ray maps showed that some evidence for 
chromium migration out of the particles, with segregation 
as small 'growths' on the particle periphery was now 
evident (Fig. 13). In Zr2(Fe/Ni) particles diffusion out of 
the particle appeared to be more restricted than diffusion 
out of Zr(Fe/Cr)  2 p~uXicles. For small Zr2(Fe/Ni) parti- 
cles both Fe and Ni appear to diffuse out and segregate as 
mixed oxides. The same was not the case for large parti- 
cles ( >  1 txm). A very large oxidised Zr2(Fe/Ni) particle 
with a small Zr(Fe/Cr)  2 particle growing on it is seen in 
Figs. 14 and 15. The iron and nickel content has segre- 
gated as small mixed iron/nickel oxide particles within 
the original boundarie,; of the intermetallic, although both 

an iron and a nickel diffusion profile away from the 
particle appear to be present. Details of some of these 
segregated oxide particles are given in Figs. 16 and 17. All 
these oxide particles contain both Fe and Ni. A single 
small segregated Cr oxide particle appears to be present 
(right lower edge of Fig. 17) and may be associated with 
iron, but not nickel. 

Oxide crystallite sizes in oxidised intermetallics and 
segregated iron and nickel oxides are very small and not 
easily studied individually. However, in the iron diffusion 
zone outside an intermetallic oxidised at 500°C, the crys- 
tallite size soon returns to that typical of the oxide matrix 
(i.e., 10-40 nm). Examination of the iron distribution in 
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Fig. 10. Iron oxide growth and oxidised Zr(Cr, Fe) 2 precipitate in oxide formed at 400°C, together with their EDX spectra. 
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such a region shows that at the periphery of the iron 
diffusion profile away from the original intermetallic vol- 
ume (Fig. 18) the iron segregates in individual oxide 
crystallites. These are seen in more detail in Fig. 19, where 
the Moir6 fringes at the top show that there are overlap- 
ping crystallites. Thus, it cannot be concluded that any 
apparent crystallite boundaries are either normal to the foil 
surface or pass right through the foil. Line scans across the 
high iron crystallite at the top left of Fig. 19, avoiding the 
area showing Moir6 fringes (Fig. 20), were made for each 
of the elements of interest (Fig. 21) and show that the iron 
is concentrated within the crystallite, which shows a shal- 
low dip in Zr concentration. Rough estimates of the maxi- 
mum Fe, minimum Zr and average O concentrations give 
~ 15, ~ 25 and ~ 60 at.%, respectively. It is interesting 
that a minor segregation of Si ( ~  5 at.%) occurs at the 
boundaries of the high iron crystallite, and that the breadth 
of the Si peaks suggests that the crystallite boundaries 
were not normal to the foil surface. No Si segregation has 
been found at crystallite boundaries that did not contain 
high iron concentrations. This localisation of iron well 
away from a precipitate was seen only after oxidation at 
500°C. 

In oxides formed in steam at 600°C the location of the 
intermetallics in the oxide was much more difficult as the 
boundaries of the initial precipitate became indistinct, and 
much of the Fe, Cr or Ni content had diffused out. The 
appearance of a Zr2(Fe/Ni)  precipitate in TEM mode is 
shown in Fig. 22. This precipitate was found again in the 
JEOL-2010F for detailed X-ray mapping (Fig. 23) but 

revealed little segregation of the Fe and Ni. The original 
precipitate was depleted in both Fe and Ni, but only Ni 
showed evidence of some minor segregation at the precipi- 
tate periphery. The remains of a Zr(Fe/Cr)  2 precipitate 
(much of which had been ion-milled away as it was at the 
edge of the perforation of the foil) is seen in Fig. 24. It 
showed that much of the chromium was still present in the 
precipitate area, whereas the iron was almost uniformly 
distributed in the oxide matrix with little remaining segre- 
gated in the precipitate (Fig. 25). In this instance large 
oxide crystallites were formed right up to the precipitate 
boundary but a high resolution X-ray map of this area 
showed no evidence of iron segregating in individual 
crystallites as was observed at 500°C. X-ray spot analysis 
scans across this precipitate matrix boundary showed 
chromium peaking at ~ 18 at.% at the particle periphery, 
with iron at a maximum of 5 at.%, Zr at 30-35 at.% and 
oxygen at 50-55 at.%. Thus, although chromium shows a 
sharp boundary at the periphery of the original particle, 
diffusion of both Fe and Cr out of the particle has occurred 
since their total percentage is always less than that of Zr, 
while initial atomic percentages of Fe + Cr were close to 
twice that of zirconium. 

4. Discussion 

The initial stages in the oxidation of intermetallics in 
the Zircaloys, where the zirconium is oxidised and the iron 
is rejected to form bcc particles, within the volume of the 
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Fig. 11. X-ray maps acquired in STEM mode of the iron oxide particle and the oxidised intermetallic seen in Fig. 10. 
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original particle, have been reported [9]. The later stages, 
where the iron becomes oxidised are not so well under- 
stood. The diffusion of iron out of the particle volume has 
been observed [19-21], but the measurements have only 
looked at the average distribution of iron in the diffusion 
zone, and have not attempted to establish the location of 
the iron on a nanometric scale. Results obtained here show 
that iron, that was probably segregated initially as bcc Fe 
within the particle boundary, starts to migrate out of this 
region as the local pO  2 increases, but at 400°C diffusion 
is slow enough that it cannot migrate far, and segregates as 
agglomerates of iron oxide (Figs. 6 and 7). These may be 
scattered roughly unitormly around the original particle 
periphery, or may occur as only one major, and a few 
minor, agglomerates (Figs. 10 and 11). These agglomer- 
ates appear to be detached from the particle boundary as 
compositional scans s!how Zr increasing, and Fe and Cr 
decreasing briefly at o:r near the original particle boundary 
(Fig. 9) and between agglomerates. 

After oxidation at 500°C, the occurrence of iron oxide 
agglomerates was infrequent, a more regular and extensive 

diffusion of iron out of the intermetallic occurred, and this 
diffusion profile became very localised near its limits 
(Figs. 18 and 19). This localisation consisted of individual 
oxide crystallites that were high in iron (up to ~ 15 at.%) 
but still appeared to be basically ZrO 2 (Figs. 20 and 21) 
with ~ 25 at.% Zr and ~ 60 at.% O. The localisation of 
Si at the boundaries only of these high Fe crystallites 
suggests that iron may be migrating in association with Si 
in this instance. Si concentrations in and at the boundaries 
of the agglomerates of iron oxide formed at 400°C were 
not found, although occasional indications of Si segrega- 
tion were observed (Fig. 7, top of particle). At this time, 
however, the resolution of the microscope had not been 
upgraded, and this coupled with an error in locating profile 
#3  (Fig. 8) resulted in no clearer evidence of this segrega- 
tion being obtained. There is little evidence on which to 
base expectations of the behaviour of SiO 2 in ZrO 2. In 
work on additions of small amounts of SiO 2 to stabilised 
ZrO 2 [22] the presence of 5% SiO 2 resulted in superplastic 
behaviour as a result of the formation of a thin (1 nm) 
amorphous grain boundary SiO 2 phase. It is possible that 
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Fig. 12. Oxidized 2"r(Cr, Fe) 2 precipitate and the EDX spectra from the oxide matrix and the precipitate after oxidation at 500°C. 
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the formation of an even thinner crystallite boundary phase 
on the high Fe crystallites could account for the observa- 
tions here. The chromium still remains relatively immobile 
in oxides formed at 500°C, although some small Cr oxide 
growths were observed on the periphery of some inter- 
metallic panicles. 

Oxides formed at 600°C showed much diffusion of 
both Fe and Cr out of the intermetallics. While there was 
only a minor remaining concentration of iron at the origi- 
nal precipitate site, there was about 15 at.% Cr remaining, 
still with a sharp concentration change at the original 
precipitate boundary. Unlike the situation at 500°C, where 
the very small ( <  10 nm) crystallite size inside the original 
precipitate volume only changed back to a more normal 
20-40 nm crystallite size at about the end of the iron 
diffusion profile, at 600°C large oxide crystallites were 
present right at the prior panicle boundary. Since the iron 
appeared to be almost uniformly distributed outside the 
panicle boundary at a concentration that must be some- 
what less than the average iron content of the alloy (0.2 
at.%), as there is still some concentration of Fe remaining 
in the precipitate volume, it is tempting to relate the small 
crystallite size in the panicles to an effect of iron. We do 
not know at present whether the crystallites within the 
original particle volume comprise a mixture of very small 
ZrO 2 and Cr20 3 [8] crystallites or to a solid solution of the 
two. It has been impossible so far to resolve individual 
crystallites in such regions as there always appear to be 
multiple overlapping crystallites that prevent a distinction 

being made. With the new improved resolution of the 
JEOL-2010F there is some hope that an answer to this 
question may be possible in the future. 

The key to the oxidation behaviour of the Zircaloys 
may lie in the behaviour of the Fe. Near to the oxide/metal  
interface the Fe is rejected and forms bcc iron particles 
within the panicles. Fe does not appear to be mobile under 
these very low pO 2 conditions. What might cause it to 
begin to migrate out of this area as the local pO 2 in- 
creases? There is little helpful information in the literature, 
but two very diverse pieces of work may provide some 
clues. In the first [23], a study was made of the wetting of 
ZrO 2 furnace linings by molten iron. It was observed that 
when the iron was very pure and low in oxygen it did not 
wet the ZrO 2. However, as the iron progressively absorbed 
oxygen it began to wet the ZrO 2 and ultimately diffused 
rapidly along the ZrO 2 grain boundaries. If we can draw 
an analogy with the rejected iron panicles, then, as the 
local pO 2 increases a point will be reached where oxygen 
will start to dissolve in them. This may be enough to start 
the outward diffusion of the iron. However, at this point 
the iron will still be metallic, although there may be an 
F e - O  binding energy that enhances the diffusion. We have 
no evidence for it migrating along the ZrO 2 crystallite 
boundaries in this case. 

Once the iron becomes oxidised at a local pO 2 > 10 -35 
atm (at 400°C) we need to know whether it can continue to 
diffuse into the ZrO 2. Here the second group of studies 
[24-26] may be important. In this series of papers, all 

250 nm 

Fig. 13. X-ray maps acquired in STEM mode from the precipitate seen in Fig. 12. 
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Fig. 14. STEM image of many small iron/nickel oxide particles 
probably from a large oxidised Zr 2 (Ni, Fe) particle. 

Fig. 16. High magnification STEM image of the area indicated by 
the window in Fig. 14. 

based on ceramic studies at high temperature, we find 
evidence that Fe 3+ (undersized) migrates rapidly in ZrO 2 
containing oversized dopants as a result of a binding 
energy to oxygen vacancies [24]. Perhaps in the Zircaloys 
the tin provides the oversized dopant and, as it will also be 

in a valence state less than four throughout most of the 
thickness of the impervious oxide, perhaps it also affects 
the local oxygen vacancy content. Tin is one of the few 
alloying elements observed to increase the cubic rate con- 
stant during pretransition oxidation at high temperatures 

750 nm 

Fig. 15. X-ray maps acquired in STEM mode from the oxidised particles seen in Fig. 14. 
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150 nm 

Fig. 17. X-ray maps acquired in STEM mode from the centre of the large precipitate in Fig. 14. 

[27,28]. What happens then may depend on the solubility 
of the Fe 3+ in ZrO 2. There is some consensus that Fe 3÷ 

has negligible solubility in m-ZrO2; up to 5 at.% solubility 

in t -ZrO2; and up to 20 at.% in c-ZrO 2, and will stabilise 
the higher symmetry phases if present at high concentra- 
tions [25,26]. This effect on the stability of t-ZrO 2 has 

60 nm 

Fig. 18. X-ray maps acquired in STEM mode from an area of oxide formed at 500°C adjacent to an oxidised Zr(Cr, Fe) 2 particle, seen at 
lower right in chromium map in this figure. 
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3 0 n m  

Fig. 19. High-resolution X-ray maps of area at top left of Fig. 18 that showed individual oxide crystallites high in Fe. 

already formed the basis of Godlewski 's  mechanism for 
the stabilisation of t-ZrO 2 [20]. 

We may here have an explanation for the formation of 
discrete high iron crystallites only at some distance from 
the oxidised intermetallic at 500°C. Close to the particle 
the oxide may be all t- or c-ZrO 2 [20] and able to 
accommodate much of the iron from the intermetallic, 

where it averages about 30 at.%. As it diffuses further 
from the particle the average Fe concentration will fall 
below that necessary to stabilise t-ZrO 2, and the Fe can 
then only be accommodated by forming discrete high Fe 
crystallites in a surrounding m-ZrO 2 matrix. It is interest- 
ing in this context that the maximum Fe content of these 
high Fe crystallites was about 15 at.% suggesting that they 
may be c-ZrO 2 [26]. As the iron diffuses further away 
from the precipitate and the average iron content decreases 
the numbers of these crystallites should decrease until it is 
not possible to form them. The migration route may be via 
the crystallite boundaries because of the low Fe 3+ concen- 

Fig. 20. High-resolution STEM image showing the location of the 
X-ray linescans acquired ti'om an area of an individual high Fe 
crystallite that did not show any Moir6 fringes. 

TEl. 345120 • OKa. 

SiKa. CfKa. 

FeKa. ZrKa. 

0 20 nm 40 0 20 nm 40 

Fig. 21. X-ray line scans acquired from the linescan position 
shown in Fig. 20. 
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Fig. 22. Zr  2 (Ni, Fe) precipitate (indicated by pointer) oxidized at 
600°C and its EDX spectrum. 

SO nm 

Fig. 24. Total electron image (TEl) and X-ray maps acquired in 
STEM mode from a Zr(Cr, Fe) 2 intermetallic oxidised at 600°C 
and partially eroded during ion-milling. 

tration and solubility in the intervening m-ZrO 2 crystal- 
lites, although no evidence for Fe concentration in the 
boundaries of these crystallites was found. It may be here 
that the association of Fe and Si aids in the diffusion 

300 nm 

Fig. 23. X-ray maps acquired in STEM mode from the oxidised intermetallic seen in Fig. 22. 
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30rim 

Fig. 25. High-resolution TEI image and X-ray maps acquired from the boundary of the oxidized intermetallic seen in Fig. 24. 

process. The intermetalhcs in this batch of Zircaloy-2 
appear to provide a reservoir of Si, since most of the 
intermetallic particles analysed contained small but mea- 
surable amounts of Si. 

At and below 400°C the diffusion rates for Fe 3+ may 
be too slow to allow such a process, and the iron concen- 
tration at the particle boundary too high to form any solid 
solution in c-ZrO 2, hence the formation of agglomerates of 
nearly pure iron oxide. The presence of such localised 
aggregates of iron oxide could be important in the corro- 
sion process in water and lithium hydroxide since they will 
be much more soluble in these media than the ZrO 2 
crystallites. In the thin oxide film region, dissolution of 
such iron oxide agglomerates could generate pores that 
would allow water direct access to intermetallic particles 
while they are still electrically connected to the metal 
matrix [15]. Under such conditions the cathodic part of the 
oxidation reaction (the discharge of a proton by an elec- 
tron) could occur at the intermetallic surface, and easy 
access of the resulting hydrogen atom to the metal could 
result. Initial hydrogen uptake rates are known to be very 
dependent on the chemical composition of the intermetallic 

phase, and only a very small fraction of the specimen 
surface has been found to be active at any time [29]. 

5. Conclusions 

High resolution X-ray mapping of oxide sections from 
Zircaloy-2 specimens oxidised in steam at 400, 500 and 
600°C has shown that: 

• In the outer part of the oxide, where all the compo- 
nents of the intermetallic particles are oxidised, Fe mi- 
grates out of the particle at 400°(2 to form agglomerates of 
nearly pure iron oxide around the periphery of the original 
particle. Cr remains almost entirely within the original 
particle boundary. 

• At 500°C the Fe diffuses further from the original 
particle and iron oxide agglomerates are not seen. At the 
limit of the diffusion profile, however, the iron segregates 
in individual high Fe crystallites that are still primarily 
ZrO 2. Cr begins to form agglomerates of oxide around the 
particle periphery at this temperature. The fate of Ni 
appears to be strongly dependent on the particle size. For 
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small Zr2(Fe/Ni)  particles migration out of the particle 
occurs and agglomerates of mixed F e / N i  oxide are formed; 
for large ( >  1 txm) particles these agglomerates remain 
inside the original particle boundary. 

• At 600°C diffusion of Fe and Cr out of the particle 
into the matrix oxide is much more extensive. Fe is almost 
uniformly distributed and < 5 at.% remains in the original 
particle volume. About 15 at.% Cr remains in the original 
boundary and still preserved a relatively sharp boundary 
interface. 

• Oxide crystallite size within the prior intermetallic 
boundaries is very small ( <  10 nm) and difficult to re- 
solve. At 500°C small crystallites persist in the Fe diffu- 
sion zone outside the particle, and a more normal crystal- 
lite size (20 -40  nm) begins with Fe segregated in individ- 
ual high Fe crystallites, with Si at their boundaries. At 
600°C the large, normal-sized crystallites start at the origi- 
nal particle boundary. 

• The migration behaviour of Fe can be explained 
based on observations in ZrO 2 ceramics, where migration 
of metallic Fe and association of Fe 3 + with oxygen vacan- 
cies have been observed. 
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