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ABSTRACT: Oxidation kinetics al 300"C in dry oxygen of 0.5 wt% binary alloys of iron.
nid.eJ. and chromium in zirconium were determined for several surface preparations. Further.
chemical profiles of the oxides as they existed on the matrix and on the precipitates were
obtained by sputlering and Auger electron analysis. The appearance of "breakaway" oxidation
was controlled by Ihe surface finish of Ihe alloy. a variable that could be used 10 eliminate
the phenomenon for all alloys except the Zr/Ni binary. which required fi·quenching 10 ac
complish the same purpose.

KEV WORDS: binary alloys, oxidalion kinelics. surface finishes. precipitates. inlermelallics.
Auger analysis. nickel, iron. chromium. p·quenching. Zircaloy·2

In the late 19705 "breakaway oxidation" of reactor-grade zirconium at 300 and 3500C in
oxygen P,2] was reported. The phenomenon was linked to precipitates that caused regions
of the oxide film about 20 fLm in diameter to bulge. crack (Fig. I.) and spall (Fig. Ib). The
subsurface oxide was often layered and cracked (Fig. Ie). Oxide bulging. cracking, and
spalling indicated a hydrostatic pressure caused by a volume expansion 6, V associated with
localized accelerated oxidation occurring at specific sites below the free surface. Indeed.
when the oxidized specimens were cross-sectioned and the metal etched back. the oxide/
metal interface revealed oxide Iofingers" (protrusions) penetrating into the alloy imrpediately
below the surface bulges. Figure ld is perhaps the perfect example of the worst oxide
protrusion that has been found. Conversion of zirconium metal to oxide results in a 1.56x
volume expansion, and since the oxide grows by inward diffusion of oxygen creating new
oxide at the oxide/alloy interface, large oxidation stresses are created in both the oxide and
alloy.

The mechanism by which precipitates controlled the bulk oxidation process was poorly
undeTlitood and, at best, inferred. It was therefore decided to study the oxidation of a series
of 0.5 wt% alloys of nickel, iron, chromium. and tin in zirconium. The nickel and chromium
rich precipitates that form in these alloys, Zr1 i and ZrCrh respectively. possess the same
crystal structure as the Zr1Feo", io~ and ZrFeO,Crl I precipitates in Zircaloy-2 [3,4].

Initial results on the oxidation of ZrJFe and ZrlNi precipitates can be found in the Refs
5 and 6. It was reported there that for short periods of oxidation «5 h), iron within the
oxide that forms on the Zr,Fe precipitate remains in-situ but, with time. diffuses to the

I Atomic Energy of Canada Limited. Chalk River Nuclear Laboratories. Chalk River. Ontario KOJU
IJO, Canada.
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In addition, amorphous' Zr,Ni and Zr,F....Ni,. rihbons 15 I'-m thick and Ito 2 mm wide
were produced by spin casting. The ribbons were analyzed in the Scanning Auger Microprobe
(SAM) and found to be free of significant surface contamination (copper) and other than
degreasing, were oxidized directly.

Oxidation was performed in mild steel furnace-tubes held at 3000C in three-zone, resistance
wound furnaces. The constant temperature zone was maintained to within loe in a 4 to 6
in. (102 to 152 mm) length of the tube. A continuous stream of oxygen was passed over
phosphorus peotoxide (P20,) to eliminate moisture before entering the heated reaction
chamber.

For the kinetic studies, each specimen was weighed four times after each period of oxi
dation, the high and low readings were discarded and the remaining two weights were
averaged to give a datum point. Further, the specimens were weighed with and without a
tare to compensate for zero drift of the scale. Each datum point (weight gain verses days
of oxidation) was an average of several specimens with the extreme high and low values
becoming the upper and lower limits of the range (plotted as vertical bars).

During the course of this study, the question arose as to why the various hinary alloys
oxidized at different rates given the same surface preparations. It seemed likely that part
of the answer was associated ",ith the oxidation behavior of the precipitate itself, and
therefore, a series of specimens were oxidized for different lengths of time and examined
in the SAM. The elemental atomic concentrations were plotted as a function of oxide depth
for the matrix and precipitate. Profiling was accomplished by sequential argon ion sputtering
followed by Auger electron analysis until the oxygen signal was indistinguishable from
background.

Inaccuracies can be incorporated into the Auger profiles because of preferential sputtering.
the development of surface roughness, incorrect Auger electron sensitivity factors, and
through failure to account for all the elements prescnt. The results of Ho et aL (7) indicated
that preferential sputtering normally reaches equilibrium within the first 10 or 20 nm, a
depth greater than the distance through which surface contaminants can be detected. For
the results reported here, contaminants have been ignored, and therefore, the first 10 or
20 nm of the profiles are unlikely to be an accurate reflection of the surface oxide com
position. Since preferential spunering leads to a smoothly decaying exponential curve, re
versals in concentration gradients should be considered real. The effect of surface roughness
is minimized by examining concentration ratios rather than absolute concentrations [7]. In
this work the zirconium and oxygen sensitivity factors were established by sputtering "pure"
ZrOl' assuming 2/3 (or the oxygen to zirconium-plus-oxygen ratio and back calculating the
required sensitivity factors. In all cases this procedure gave consistent and satisfactory results
that were relatively easy to interpret.

Experimental Results

Kin~tic Studies

Figure I in Ref 5 indicated the ranking of the various alloys. In dried oxygen at 300'C,
the fastest to slowest oxidizing binaries were nickel, iron, chromium, and tin, respectively.
At the time of publication it was not appreciated that the chromium binaries contained
much less than the nominal 0.5 1"t% chromium. ew alloys have since been manufactured

l The amorphous state or the ribbons was determined by X-ray diffraction. dirferential scanning
calorimetry, and transmission electron microscopy.



_..-

_.-

"1... _

--d

b

•

I
~

,..
j

..

__... _ClII)

---~~~

--~

_.-

.._ •• ,.(11

................-.-_....-
~/.- ..

c

a

FIG. 3-The influence ofthe al/oy surface preparation on the oxidation kinetics of/he 0.5 w/% binaries:
(a) nickel, (b) iron, (e) chromium, and (d) varia/ion of nickel content (chemically polished), numbers
in brackelS indicate the number of specimens a/ the beginning and end of the tests, respeClively.
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and oxidized for approximately one year. The oxidation kinetics for the new chromium
alloys were indistinguishable from those for the 0.5 wt% tin binary.

In the Zr/Fe binary, ZrJFe intennetallic particles were located at grain boundaries and,
relative to the matrix, were selectively etched during pickling. The opposite was true for
the ZrzNi intermetallics, which were randomly distributed and stood proud of the alloy
surface after pickling. The effect of these surface geometries on the oxide film can be seen
in Figs. 2a and b. In both instances, around the precipitates the matrix oxide has cracked

FIG. 2-Cracking of long-term matrix oxide film cawed by precipitalu; (a) heaviliy oxidiud Z'2Ni
parriclt, bar represents 10~ and (b) oxidiud ZrJFt precipitates; nOlt granular appearance on surface
of precipitates; "analysis area" indicatu SAM declron beam diameter; bar represents 5 JUn.
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and spalled. The granular nature of the oxide on the Zr/Fe precipitate indicated outward
growth of material because unlike that on the Zr/Ni precipitate. which was smooth but
cracked, the normal inward oxide growth leaves a replica of the original surface and not a
rough or granular surface. When the alloys were polished with 0.5 J,Lm-diameter alumina
rather than by pickling, the resultant bulk oxidation rates were significantly reduced. For
instance, alumina polishing (0.05 I'm) of the Zrl i binary yielded an oxidation rate indis
tinguishable from the pickled Zr/Fe alloy. Figures]a to cindicate the bulk oxidation behavior
of the nickel, iron, and chromium binaries, respectively. and for the four specimen prep
arations previously outlined, note scale changes. The numbers within the brackets at the
ends of the curves (for instance 815) represent the number of specimens used to begin (8)
and end (5) the tests, respectively. The final number is less than the first since specimens
were withdrawn for examination in the (scanning electron microscope) (SEM). Figure 3d
reveals the effect of varying the nickel concentration.

Figure 4a is an example of how the range (vertical bars) of oxide film thicknesses for a
batch of specimens can increase with time. When the individual oxidation curves were ploued
for each specimen within that batch. it was observed that the increase in the range of thickness
was due to different behaviors for each of the individual specimens. that is, the onset of
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FIG. 4-0xidation kin~tic curvn for alumina polish~d 0.5 Mlt% nick~/5p~cim~,u; (a) tht tnch of tht
v~rtical bars represent tht maximum and minimum film thickntna (nm) for th~ thru sp~cimtns uud
to atablish the "av~rag~" curv~ and (b) curves of th~ individual specimens comprising (a) abovt.
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early "breakaway" for one or two specimens. For instance, Fig. 4b revealed that after 200
days of oxidation the specimen with the thinnest oxide film began a period of accelerated
oxidation and ended with a film twice as thick as the remaining specimens. When thickness
ranges increase with time, individual specimen behaviors should be examined.

Figures 5a and bare SEM micrographs representative of the surfaces of the thinnest and
thickest oxide films corresponding to specimens used to construct Fig. 4b. Further, visual
inspection indicated that the accelerated oxidation was associated with the appearance of
"white" oxide which at 759 days of exposure had already begun to flake away. Figures 3a
and 4b demonstrate that while alumina polishing of the Zrt i binary may slow its initial
oxtdation rate, the measure is only temporary and that at some later date "breakaway"
oxidation kinetics appear. With prolonged oxidation many of the oxidized Zr2Ni particles
"popped out" of the oxide film, Figs. Sa, 6a, and 6b. Finally, in the case of the Zr/Ni
precipitates it has been observed that in some, but certainly not in all instances, oxidation
of the zirconium matrix around the particle was suppressed (see the areas marked by arrows
in Figs. 7a and 7b).

FIG. 5-0xide film surface of0.5 wt% nicktl alloy oxidiud for 759 days; bar represents 10 .....,n: (a)
surface of the more slowly oxidizing specimens in Fig. 4 (b). (b) as (a) but for the most rapidly oxidizing
specimen.
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FIG. 6--Surface 0[0.5 wt% nickel af/oy oxidized for more than 700 days; bar represents 10,.,.m: (a)
oxidized Zr}Ni precipitate being expelled, and (b) oxidized Z'lNi precipitate emerging from under the
original oxide free surface.

SAM Profiling

(I) Auger Electron Analysis of the Oxidized Zr-0.5 wt% Fe Binary-In the early stages
of Zr:f'e oxidation, the iron remained in-situ but, with increasing time, diffused to the free
surface where it was converted to Fe20l/FeJO~.The oxygen to zirconium plus oxygen atomic
ratio (2/3 for ZrOz) can be calculated for every datum point by eliminating iron from the
analysis and normalizing to 100%. Figure 2b in Ref 5 used this technique to demonstrate
that the iron within the oxide was not in the form of a normally occurring oxide, that is,
insufficient oxygen was present to account for more than Zr02• Sawicki et al. [8] implanted
iron into anodically formed Zr02 and found that it existed in the +2 and +3 valence states,
but a small amount was also present as elemental iron. The authors [8] also found indications
that in both the Fe-ZrO, and Fe-MgO systems [9) the iron formed small clusters when
thermally treated.

Long-term oxidation (568 days) of the Zr-0.5 wt% Fe binary resulted in complete oxidation
of the Zr)Fe intermetallic particles and an equilibrium distribution of the iron as shown in
Figs. Sa and b. The maxima in the iron concentration (at about 30 and 600 nm) correspond
to the upper and lower surfaces of an oxidized precipitate. The iron signal between the
peaks (about 8 at%) was indistinguishable from background, that is, the computer software
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FIG. 7-Two examples of the inner oxide, oxide/metal interface showing evidence of suppression of .
oxidation in the vicinity of some precipitates (arrow). The broad arrow in (b) shows a precipitate within
the me/af but not in contact with the oxide film that has yet to show any signs ofoxidation. Bar represenrs
10 OWl.

was told to look for iron and interpreted background as a signal. Figure 8b uses the same
data as in Fig. 8a to display the oxygen to zirconium-plus-oxygen ratio. Although iron peaks
can, on occasion, be seen in the middle of an oxide film such as in Fig. 8 (that is, the inner
surface of the precipitate), such peaks have never been detected at the interface between
the matrix oxide film and the zirconium alloy; this observation is not surprising since the
solubility of iron in oZr has been reported to be less than 0.01 at% and likely between 10
to 50 ppm (atomic)' Extra care was given to analyzing a Zr/Fe binary specimen oxidized
for 505 days (at 300"C). however. no iron was detected on the surface of the matrix oxide
where it would have accumulated had it been present in the matrix.

Finally, the oxide film on the matrix was consistently thinner than that formed on the
Zr)Fe intermetallic particle. In fact, thickness ratios increased with oxidation time. Whereas
the ratio might be three to one (intermetallic/matrix) after 3 h. the ratio could be ten to
one after four days.

) Hood, G. M. and Schuhz, R. J., in this publication, pp. 435-450.
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(2) Auger Electron Analysis of the Oxidized 2r-0.5 wt% Ni Binary-Oxidation of a Zr,Ni
particle produces an outer layer of ZrO: and an intermediate layer of ZrNi that separates
the outer oxide and inner Zf!Ni. For a given period of oxidation, the oxide film on the
intermetallic particle is always thinner than that which forms on the zirconium matrix [6].
The presence of a ZrNi layer necessitates the diffusion of zirconium toward the oxide/gas
interface or diffusion of nickel into the bulk Zr,Ni. If the diffusion of nickel in oZr or
amorphous Ni-Zr alloys 110] can be used as a guide to the diffusivity of nickel in Zr,Ni.
then it is certain that it is nickel that diffuses and not the zirconium.

Figures 9a and b show the oxygen and nickel concentration profiles taken from the oxides
formed on Zr2Ni precipitates after various lengths of oxidation. Nickel concentrations (Fig.
9b) rise to approximately 50 at% (Zr i) immediately below the oxide film. That this phe
nomenon is happening at the oxide/alloy interface can be substantiated by comparing Fig.
9b with Fig. 9a where the oxygen profile decreases to background at the same depth lhe
nickel profile achieves its maximum. Also of interest was whether the precipitate as a whole
was convened to ZrNi before final oxidation or just a region near the free surface. The
latter possibility was suggested by the depth (location of peak nickel concentration) to

_.. -
FIG. 8-Auger profile through an oxide film grown on Zr)Fe for 568 days: (a) profiles for oxygen,

iron. and zirconium, and (b) profiles for iron and the IOI/([Z,) + [0)) conunlration ratios. The first
few poinu on the upper profile have nor been plotted.
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FIG. 9-Auger profiles throllgh oxides grown on Z'lNi precipitates for the indicated Itmgth of times:

(a) oxygen profiles and (b) nickel profiles. The 312 day nickel peak is closer to the origin tha" was
expected, possibly because of spa//ing.
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thickness ratios, which were determined to be approximately 75/25, 185/60, and 340/125
(nm/nm) after 5, 20, and 64 days of oxidation, respectively. The ZrNi thickness was difficult
to define however, since nickel concentrations rose uniformly from zero, at the oxide/gas
interface, to 50 at% and then dropped sharply to their bulk value of 33 at%. In particular,
see the gradual rise in the nickel concentration for the 64-day specimen in Fig. 9b. The
apparent presence of nickel in the oxide may be an experimental artifact since more recent
profiling of the oxide on a bulk Zr,Ni alloy did not show this feature. It is thoughl that the
discrepancy is due to a combination of specimen shape and size coupled with the relative
angle between the argon-ion beam and the incident electrons [6]. Auger electron emission
from ZrNi could be stimulated because of high-energy electrons being reflected through the
precipitate to its edge, or a small amount of beam-drift to the precipitate edge. Sub-surface
ZrNi was expected to be exposed at this location because of the relatively large amount of
argon-ion etching.

It was clear from the amount of oxygen contained within the oxide of the precipitate that
the nickel therein experienced progressive oxidation. For instance, after 64 days there was



508 ZIRCONIUM IN THE NUCLEAR INDUSTRY

sufficient oxygen to oxidize ) the zirconium and one-quarter of the nickel. The nickel
content of the ZrNi layer dec eased from 50 to 30 at% also indicating partial oxidation.

Stoichiometric oxidation of Zr2Ni to Ze02 and iO produces atomic concentrations of
62.5/25/12.5 for O/Zr/Ni. F~r ZrNi the same ratios are 60/20/20. By comparing these
numbers to the experimental measured ratios for the precipitate oxidized for 312 days
(that is, the only precipitate hat has been completely oxidized), it was clear that rather
than the ZrNi layer sweeping into the precipitate interior and creating a ZrNi core, which
then oxidized, growth of the Zr i layer was limited to a region near the free surface where
it was oxidized followed by the remainder of the particle without further disproportioning.
For inslance, in Fig. 9b the nickel concentration peak is located within 0.5 11m of the free
surface and has decreased from a maximum of 50 (no oxidation) to 20 at% after 312 days
(stoichiometric oxidation of Zr i). The nickel concentration behind this peak has decreased
to 13 at% (stoichiometric oxidation of Zr,Ni) during the same period of time. If ZrNi had
been formed in the particle interior then the nickel concentration would have been 20 at%
and not the 13 at% recorded.

FIG. lo-PrecipilotQ of Zr1Ni. Bar r~prQ~nlS JO .....,n. (a) Thou in contact Wilh th~ oxid~ show signs
of oxidation around th~ir compltf~ periph~ry. (b) Thou precipitates not in contact with lh~ oxid~ film
(broad arrow) show no signs of oxidation.
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Figures 7b, lOa, and lOb show that the Zr,Ni inteimetallic particles oxidize completely
around their periphery if they are in contact with the oxide film. Those particles just below
the oxide/metal interface show no evidence of oxidation. These observations have been
confirmed by Auger analysis which further indicated that oxidation of the inner surfaces
(furthest away from the free surface) did not lead to the formation of an intermediate ZrNi
layer; however, this observation may be an artifact of the technique [6].

(3) Allger Electron Analysis ofthe Oxidized Zr.{).5 wt% Cr Binary-Considerable difficulty
was experienced in establishing the chemical composition of the Zr/Cr precipitate. In all
but a few instances the Auger electron analysis of the normal-size precipitates (1.0 to 2.0
~m in diameter) indicated a composition of Zr1Cr, (an unknown phase) and the larger
precipitates (>2.0 IJ.m in diameter) appeared to be ZrCr, (expected based on phase dia
grams). Different chromium peaks (529 and 571 eV). various primary electron accelerating
voltages and several sampling techniques were all tried in order to obtain sensible results.
As indicated by Frankenthal and Siconolfi (Ill and Siconolfi and Frankenthal [Ill. decon
volution of the chromium and oxygen peaks should have been attempted; however. the
technique was not readily available and therefore, not tried. AEM analysis indicated that
the precipitates were ZrCr1 but with approximately 4 wt% iron. the crystal structure was
that of ZrCr,'.

The unadjusted chemical profile for a partially oxidized ZrCr~ precipitate is shown in Fig.
Ila. The oxygen concentration in the bulk of the unoxidized intermetallic particle was
expected to be zero and not the 12 to 1/2% indicated. An oxygen diffusion zone would not
be of this shape or nearly as extensive for such a short period (48 h) of oxidation at 300'C.
Since the primary electron beam diameter is a significant fraction of the precipitate size,
probably drifting or scattering of the incident electron beam produced spurious oxygen
Auger electrons from the surrounding matrix oxide. Assuming the shielding hypothesis to
be valid, the excess oxygen signal of 12V2 at% was subtracted from the oxygen peak·to
peak signal and 6 1/4 at% frqm the zirconium (that is. ZrO,). The result was the same for
both chromium peaks (529 and 571 eV), and the CrrZr ratio was 211 (Fig. lIb).

Figure lIb reveals the oxidation status of the ZrCr2 precipitate after 48 h of exposure.
Much the same is true for 96 h of oxidation. If an oxide exists on the precipitate it is
extremely thin and corresponds to a composition of ZrCr20} however, little confidence can
be put in this determination since it was extracted from a region of maximum ambiguity
(the surface). Since ZrCr20} is an unknown phase and the zirconium-chromium ratio is the
same as for the starting material (1/2). it is assumed that the intermetallic has no more than
a few atomic layers of oxide at the free surface, with an oxygen diffusion zone extending
less than 10 nm into the particle. Further work is required when larger precipitates can be
obtained.

(4) Allger Electron Analysis ofan Oxidized Zr,Fe..N;'.Ribbon-The intermetallic particles
in Zircaloy-2 contain a combination of iron with either chromium or nickel in zirconium.
In other words, instead of binary. the Zircaloy-2 intermetallics belong to ternary systems.
The production of large Zr~FCooNio~ particles suitable for Auger analysis has never been
achieved. and therefore, to study the oxidation behavior of this material, amorphous ribbons
corresponding to the Zr1Feufl io ~ composition were spun cast and oxidized in dried oxygen
at 3WC. Figure 120 is the Auger profile for the unoxidized ribbon. There appears to be a
slight enrichment of the iron near the free surface in the form of a constant but shallow Nil

I Woo. O. T.. private communication. Alomic Energy of Canada Limited. Chalk River Nuclear
Laboratories. 1987.
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Fe gradient for the first 50 to 60 nm into the alloy (Fig. 12b). The gradient can be detected
even after oxidation. However, the possibility of iron enrichment near the free surface as
opposed to the development of preferential sputtering needs to be investigated by a second,
independent technique.

Since the relative quantities of zirconium, iron, nickel, and oxygen are known at each
datum point within the oxide (Fig. 12c), the amount of oxygen can be used as a guide to
determine the possible oxidation state of the various elements within that oxide. This prin
ciple has been used to examine several oxidized ribbons and will be reported in the near
future. Briefly, the profiles suggested that both the iron and zirconium were oxidized but
that the nickel remained unoxidized or was a component of a doped oxide. Unlike the
binary intermetallics, neither the iron or nickel appear to have diffused from their original
locations as oxidation proceeded.

Discussion

Figures 1 and 2 revealed that precipitates at the free surface caused oxide cracking, which
in tum led to accelerated oxidation. That the acceleration was due to cracking induced by

b
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..
o.pth In nm

FIG. It-Auger profiles from a large Z,C'1 precipitate oxidized for two days: (a) unadjusted elemental
profiles and (b) a signal corresponding to 12'/2 at% Z,01 subtracted from (a). Curves smoothed by a
cubic spline routine.



FIG. 12-Auger profiles of Zr}Fefl6N;/J.~: (a) Iltloxidized ribbon, (b) us (a) but as ratios, (e) after three
days of oxidation, and (d) as (e) bid as ratios.
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the local surface geometry was confirmed by the observation that smooth alloy surfaces
reduced oxidation rates (Figs. 3a to c). A smooth surface, however, was insufficient to
eliminate a transition to "breakaway" oxidation kinetics for the Zr/Ni binaries (Figs. 4a
and b). Figures 5a and b demonstrated that this transition was associated with delayed
oxidation of the Zr1Ni particles, which in turn, because of their associated volume expansion,
caused cracking and spalling of the previously coherent film. The oxide under the spalied
areas was also heavily cracked and layered.

It is postulated that for all the binary alloys studied, cracking and loss of the protective
nature of the Zr02 film arises from two sources: first, scratches or small-radii features on
the (alloy) surface and second, from stresses produced by oxidation of sub-surface precip
itates. A small radius of curvature or sharp edge on the surface of the specimen is sufficient
to localize oxide cracking that occurs because of the stresses induced by the large metal to
oxide volume expansion associated with oxidation. Oxide cracking causes accelerated oxi·
dation, which, in turn, results in oxide growths protruding into the alloy. These protrusions
act as stress raisers in both the metal and oxide, and cause further cracking which gives the
oxygen freer access to the oxide/alloy interface, a self-perpetuating mechanism and one
possibly related to "nodular corrosion." It is likely that once initiated these oxide protrusions
continue to grow throughout the oxidation process but do not cause serious disruption of
the film until it is no longer able to accommodate the oxidation stresses, a sort of "memory"
effect, that is, events at the beginning of the oxidation process can influence those at a later
date.

Isolated or well spaced oxide intrusions act as stress concentrators that lead to oxide
cracking and accelerated oxidation. The formation of such intrusion can be severely reduced
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or retarded if smooth alloy surfaces are produced before oxidation. If, however, smooth
surfaces cannot be produced then another means to slow oxidation might be to make a
uniformly Tough surface, whicb would probably result in an array of closely spaced intrusions
rather than just a limited number. Shot-peening is a possibility, but the shot radius would
have to be very small to prevent the damage being added to the surface acting as largely
spaced scratches. Care would have to be exercised to ensure that the peening material did
not become imbedded in the surface layers of the alloy and in itself act as second phase
particles and stress raisers. A cond method might be to Il-quench or glaze Ihe alloy surface
using pulsed-laser heating to eliminate precipitates near the surface layers while retaining
the same metallurgical structure in the remainder of the alloy. This is a reasonable concept
based on the results presented here for Il-quenching the whole alloy (see the Quench curves
in Figs. 3b and c). Indeed, the technique suppressed the oxidation rate of the Zrl i binary
and apparently on a long-term basis. IJ-quenching the Zr/Fe binary was not as effective as
was anticipated, possibly because small precipitates were formed (requires further study)
rather than the iron going into solid solution.

Figure 3d indicates that the 0.25 wt% nickel binary oxidized faster than any other con
centration. Rather than the oxidation rate being linearly related to the precipitate volume,
there is the possibility that a critical concentration effect exists above and below which the
oxidation rate is slower. Although the curves were constructed using a number of specimens
and averaging the results, the existence of a critical concentration for any alloy requires
further investigation. The effect, if it exists, may be related to 'pitting' corrosion where it
is more detrimental to have a few centers of rapid corrosion than many. In other words,
more centers mean a more uniform distribution of the electronic corrosion current, which
prevents localized effects, suoh as the development of oxide protrusions.

Figures 8a and b correspond to an Auger profile through an oxidized Zr3Fe intermetallic
and into the matrix oxide below. The profiles show that the iron originally within the
precipitate ends up at both the free surface and at a depth of 600 nm below the apparent
lower surface of the oxidized precipitate. The iron does not uniquely segregate to the free
surface but is apparently distributed around the periphery of the particle. Tailing of the iron
concentration into the oxide film at the 6OO-nm level probably indicates that the iron diffuses
toward the region of highest oxygen partial pressure, which as far as the inner interface is
concerned, moves forward with the advancing oxidation front. The presence of an iron peak
within the oxide film indicates the location of an oxidized Zr/Fe precipitate. Figure 8b uses
Ihe same data as displayed in Fig. 8a to plot the [O]/([OJ + [Zr]) ratio. It is surprising that
this ratio is about 66 at% (value expected for ZrOl) because it suggests that the iron within
the film is not oxidized and further, that the film is not cracked, otherwise the oxygen partial
pressure would be sufficient to oxidize the iron. In view of the observations that smooth
surface finishes and quenching permanently reduce the oxidation rate of the 0.5 wt% iron
binary and that a large proportion of the iron from the precipitate ends up on the surface
of the oxide film, it has to be assumed that the transition 10 "breakaway oxidation" for
chemically polished Zr/Fe binaries is dominated by stress effects induced by poor surface
geometries.

The Auger profiles shown in Figs. 9a and b are typical results that can be used to describe
how the Zr2Ni intermetallic precipitates oxidize. An important feature is the formation of
a thin Zr i layer separating the inner unoxidized Zr,Ni and a thin outer shell of ZrO,. The
intermediate layer retards the precipitate's oxidation rate. which means the particle is the
most likely path for the oxidation electronic current (that is, it is predominantly metallic
until a later stage in the oxidation process). The relatively free access of the electronic
current to the free surface explains why the Zr/Ni alloy is the fastest oxidizing material
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investigated. Alumina polishing slows the oxidation rate because of the elimination of surface
defects. However, at a later stage the specimen experiences "breakaway" because, as the
Auger profiles have shown. the remainder of the intermetallic begins to oxidize with a
concomitant large volume expansion. By this stage, the oxide front may well have passed
by the particle and the added stress cracks the film, expelling the intermetallic particle.
Again. the dominant mechanism controlling the initiation of "breakaway" is the stress
produced by the 6 V from oxidation and concentrated at stress·raisers such as scratches or
particles on the surface. However, in this instance. the only way in which to permanently
eliminate "breakaway" is by eliminating the precipitates (Il-quenching).

The Auger profiles from the Zr/Cr binary are difficult to interpret especially since the
results have been modified. It would seem that the oxide on the ZrCrz particle, if it is
present, is extremely thin, and it is not understood why the overall oxidation rate of the
alloy is so low. There are three possible explanations. First, chromium is present in the
zirconium matrix and becomes incorporated into the oxide. This could provide uniformly
distributed and easy passage for the electronic current to the oxide/metal interface elimi·
nating any possibility of a 'pitting' type of attack, but this would also mean that the rate
limiting step for oxidation is not electronic transfer. Second, the oxygen saturated surface
layers of the intermetallic particle are an effective insulator and since there would be no
volume expansion caused by oxidation. the intermetallic particles would have minimum
effect on the overall kinetics. The third possibility is that the ZrCrz particles are so small
and randomly distributed that they have little effect on localizing electronic current or stress
effects.

The effect of Zr2Feo 6Nio ~ precipitates on the oxidation of Zircaloy-2 can only be speculated
upon from this study. In Zircaloy-2. precipitates are crystalline and in the form of small
particles, but in the present study the material is amorphous and continuous. It has been
noted that accelerated oxidation can be traced to the presence of intermetallic particles (or
their lack thereof caused by preferential etching) in the alloy because they act as stress
concentrators. Oxide fingers or protrusions can result when precipitates act as conduits for
electronic flow or cause extensive but localized cracking of the oxide film. It is known from
results soon to be published that the Zr2Feo6Nio~ oxidizes more rapidly than ZrNi or Zr2Ni.
but this in itself is not sufficient to cause "breakaway" oxidation. The Auger profiles in
Figs. 12c and d strongly suggested that the oxide formed on this precipitate-like material
might behave as a good conduction path for the oxidation electronic current which might
then be expected to result in rapid localized oxidation centered about the precipitate. Because
the amount of oxygen incorporated into the precipitate oxide was less than that required
to fully oxidize the zirconium. iron, and nickel, it was concluded that the oxide was not
cracked (an indication of "breakaway"). The Zr2Feo~io~however was a continuous ribbon
and not a small precipitate, so whether it behaves in the same manner in Zircaloy-2 is
questionable. If the present results can be extrapolated to Zircaloy-2, it would have to be
assumed that, at least in the early stages of oxidation, the particles are acting as conduction
centers for the electronic current but without any deleterious effects on the integrity of the
oxide film. The benign behavior however. may change as the oxide film thickens, as with
the ZrzNi precipitates. and is less able to accommodate increasing or newly developed
stresses.

Condusions

A combination of oxidation kinetic studies and Auger profiling has demonstrated that
accelerated oxidation of some zirconium binary alloys is correlated with oxidation stresses
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leading to oxide cracking. Retardation or delay of accelerated oxidation can be achieved
by preparing a smooth alloy finish before oxidation or by ~-quenching to produce a solid·
solution or a large number of finely distributed precipitates.

For the Zr/Ni binary, smooth finishes did not prevent a transition to accelerated oxidation.
The only long-term means of suppressing the oxidation rate was to J3-quench the alloy. For
those alloys, which can be neither 13-quenched nor prepared with a smooth finish «0.1
J.Lm). it is proposed that two possibilities be investigated for slowing the oxidation rate. First,
shot-peening and second, pulsed-laser heating to produce a 13-quenched or amorphous sur
face layer on the alloy.
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