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ABSTRACf: The linear growth of relatively thick (>300 om) interference.colored oxide films
on zirconium alloy specimens exposed in the Advanced Test Reactor (ATR) coolant at S55CC
was unexpected. Initial ideas were that this was a photoconduction effect. Experiments 10

study photoconduction in thin anodic zirconium oxide (ZrO~) films in the laboratory were
initiated to provide background data. It was found that, in the laboratory, provided a high
electric field was maintained across the oxide during ultraviolet (UV) irradiation. enhanced
growth of oxide occurred in the irradiated area. Similarly enhanced growth could be obtained
on thin thermally formed oxide films that were immersed in an electrolyte with a high electric
field superimposed. This enhanced growth was found to be caused by the development of
porosity in the barrier oxide layer by an enhanced local dissolution and reprecipitation process
during UV irradiation. Similar porosity was observed in the oxide films on the ATR specimens.
Since it is not thought that a high electric field could have been present in this instance.
localized dissolution of fast-neutron primary recoil tracks may be the operative mechanism.
In all instances. the specimens attempt to maintain the normal barrier-layer oxide thickness.
which causes the additional oxide growth. Similar mechanisms may have operated during the
formation of thick loosely adherent. porous oxides in homogeneous reactor solutions under
irradiation. and may be the cause of enhanced oxidation of zirconium alloys in high-temperature
water-cooled reactors in some water chemistries.
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The effects of irradiation on the corrosion of zirconium alloys in high-temperature water
cooled reactors have been studied for over 30 years. Despite this prolonged study and
although the importance of various aspects of the reactor environment (fast-neutron flux,
reactor water chemistry, and so forth) are commonly recognized, no detailed understanding
of the mechanism by which irradiation enhances corrosion is available [I )]. It was estab
lished early that to obtain large increases in corrosion rate both a high fast neutron flux and
an "oxidizing" water chemistry typical of boiling water reactors (SWRs) were necessary,
and it was hypothesized that these two factors operated independently on the ionic and
electronic transport processes (respectively) in the zirconium oxide film. It was inferred that
both these processes needed to be accelerated for a large overall acceleration in oxidation
rate to be observed, since, otherwise, the less affected of the two processes would become
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246 ZIRCONIUM IN THE NUCLEAR INDUSTRY

rate limiting [3,4]. In a general way, it was inferred that the fast neutron damage affected
ionic transport in the oxide through an effect on the recrystallization of the oxide (and hence
on the availability or"short-circuit diffusion paths) whereas the short-lived radical species
present in an "oxidizing" water chemistry acted on the sites of the cathodic reaction (in·
termetallies?) to depolarize them.

Attempts to obtain evidence about these individual processes only served [5-7] to con
found this simple hypothesis. Examinations of irradiated oxide films showed little, or no,
observable differences from those formed in the laboratory. Attempts to correlate production
rates of fadiolytie species r8] with the increase in corrosion rate revealed that these species
would have to migrate unreasonably long distances to the surface if a one-to-one correlation
was to succeed, especially in porous post-transition oxide films where the largest increases
in corrosion rate were observed [9,10]. Measurements of the corrosion potential of zirconium
specimens during inadiation [JJ] failed to reveal the anodic shift in potential that was
predicted by the simple hypothesis. Further examination of the features observed suggested
that both processes (fast·neutron damage and ..,-ray induced chemistry effects) seemed to
be operating by modifying the porosity of the in-reactor oxides [1], although the precise
manner in which this was achieved was far from clear. Little further progress in the detailed
understanding of the mechanism of enhanced corrosion of zirconium alloys in-reactor has
been achieved, although much more evidence on the phenomenology of the process has
become available [/2,13], and these observations have been incorporated in descriptive
models [2,14], which however, still lack detailed mechanistic support.

Throughout this work, it was assumed that only fast-neutron irradiation would affect the
physical structure of the oxide and that 1-irradiation could act only through the surface
chemistry component of the overall process. This assumption arose from early studies of
the electrical properties of thin zirconia films under ..,-irradiation that showed no detectable
effects [/5], and work on ultraviolet (UV) induced photoconduclion in thin anodic oxide
films on zirconium that apparently showed only electron conduction [16]. This latter con
clusion was generally accepted despite the observations that photoeffects in the analogous
tantalum oxide films could induce additional oxide growth, and, hence, involved ionic
transport as well as electronic transport [17]. Explanations of this effect in tantala films
involved either hydration of the oxide to form a bulkier film, or a dissolution process similar
to that suggested for the formation of porous alumina films [18]. Neither of these processes
seemed probable for zirconia films that are very resistant to both hydrolysis [/9] and dis
solution [20J. Nevertheless, dissolution and reprecipitation of Zirconium oxide (zrO,) films
was seriously considered as a mechanism for the grossly enhanced corrosion of Zircaloy-2
in homogeneous aqueous reactor (HAR) solutions [2/].

The lack of any apparent effect of 1-irradiation seemed to be supported by the absence
of any significant oxide growth on zirconium alloys at low temperatures « lOO'C) in reactors.
Only occasional reports of first order interference-colored oxides after long in-reactor ex
posures were found [22], and these might have been achieved with relatively low (,,;10 V)
applied voltages that were perhaps not impossible under irradiation as a result of Compton
electron emission. This situation changed following the irradiation of large numbers of
Zircaloy-2 specimens in the Advanced Test Reactor (ATR) at Idaho Falls at high nuxes to
fluences in excess of 1()26 n/m! at temperatures of 50 ~ 5°C. The specimens were intended
for sludies of Ihe irradiation-induced growth of Zircaloy-2 at low temperature, and significant
oxidation of the specimens was not expected. In practice, interference-colored oxide films
were observed early in the irradiations, and these apparently grew linearly with both time
and nux to thicknesses that apparently could not be explained by any stray electrical voltages
that might be present.

Clean, freshly prepared zirconium alloy surfaces rapidly develop a thin, air-formed oxide
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film whose thickness (2 to 5 om) is limited by the electron tunneling distance. At temperatures
below -175°C, little or no tl;lickening of this oxide occurs by thermally activated oxidation
processes.

An examination of the self-heating and thermal hydraulics conditions of the ATR spec
imens showed that it was imPossible for these oxide films to have formed by local heating,
and the possibility that the growth was a photoconduction effect was considered. The ex
amination of these specimens and of the laboratory photoconduction studies made to elu
cidate this phenomenon are reported here.

Experimental Procedure

Materials

The Zircaloy-2 specimens exposed in ATR were cut in the form of plates 38 by 6.3 by
1.5 mm from a number of batches of material used to fabricate calandria tubes for Canadian
deuterium uranium (CANDU) reactors. Details of the batches examined here are given in
Table 1. Most specimens were exposed with as-received surfaces; however, a small number
had initially pickled surfaces. Since the estimation of interference-colored oxide thickness
is more reliable on a pickled surface, the examinations concentrated on these specimens,
but essentially no difference in oxide growth was seen with the various surface preparations.

Because it was expected that photocurrents would be strongly influenced by the frequency
of second-phase particles in the alloy, specimens for the laboratory tests were cut from a
number of sheets of different zirconium alloys comprising three grades of unalloyed zirco
nium (of different commercial purities), Zircaloy-2 and Zr-2.5 wt% Nb alloy, all initially in
the form of cold-rolled sheet. Details of these batches of material are given in Table 2.
Specimens were generally in the pickled condition, although a few other surface treatments
were tested for comparison purposes.

Radiation Exposures

In the ATR reactor at Idaho Falls the specimens were exposed in either aluminum or
Zircaloy-2 capsules that were perforated to permit free flow of the primary reactor coolant

TABLE I-Analysis of batches of Zircaloy·2 strip and calandria tube.

Analysis, ppm wt

Batch Mechanical Condition So" Fe" C," Ni- 0 H N Si AI

M Strip 0.25% CWo 1.35 0.18 0.13 0.D7 1305 5 45 70 36
P Strip 0.25% SR 1.35 0.18 0.13 0.07 1305 5 45 70 36

NC Strip 1.5% CW 1.35 0.18 0.13 0.07 1305 5 45 70 36
R Strip 1.5% SR 1.35 0.18 0.13 0.D7 1305 5 45 70 36
G cr 0.25% CW; SR 1.57 0.15 0.10 0.06 1280 6 41 n <35
C cr 0.25% CW; SR 1.50 0.15 0.10 0.06 1260 <5 49 60 <35
D crO.5%CW 1.42 0.19 0.09 0.05 1190 5 32 68 25
A cr 1.5% CW; SR 1.42 0.14 0.11 0.05 1430 <5 38 83 49
B cr 1.5% CW; SR 1.58 0.15 0.11 0.05 1280 5 33 96 38

-wt%.
• CW = cold-work.
r SR = stress relieved 1 h at 500"C in vacuum.
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TABLE 2-Maluiau us~d for UV irradiations.

Analysis, Zirconium, Zirconium, Zirconium
ppm wt (zone-refined) (van Arkel) (Kroll) Zircaloy-2 Zr·2.5% Nb

Sn 2.0 <10 12 1.38" <10
Fe 20.0 82 325 0.21" 840
Cr 0.8 21 55 0.12" 115
Ni 9.0 <10 16 0.06" 13
0 11.0 190 1000 950
H <1.0 1.9 17 20 8
N <1.0 12 100 21 57
AI 5.0 <25 300 39 43
Si 5.0 <40 50 57
p 0.12

·wt%.

through them. Specimens were exposed in a number of locations that gave a range of fast
neutron fluxes from 1.2 to 2.9 x 101• n/m2 • s for times up to -500 days.

In the laboratory, anodic oxide films 120 to 130 nm thick were formed to about 50 V in
a range of electrolytes (5 x 10-' mollm' sulfuric acid (H,sO.); saturated ammonium borate,
10-' mollm' potassium hydroxide (KOH), 10-' mollm' lithium hydroxide (LiOH), and so
forth) and irradiated with UV light from a Cermax Xenon arc lamp (ILC Technology, 399
Java Drive, Sunnyvale, CA 94086) in-situ during current decay after forming. Irradiations
were carried out at two points along the current decay curves; either immediately after
forming, once the current had dropped to below 60% of the forming current, or after a
long decay when the decay current had fallen to below 10% of the forming current. Some
irradiations were also done with the field reduced below the forming field. The Xenon arc
light was capable of operating at 300 W, but for most experiments it was operated at 150
W. The principal reason for selecting this output was that the beam appeared to be better
focussed when operated at the lower value, and 150 W was the lowest value at which
continuous stable operation could be achieved. Even so, it took many experiments to es
tablish an operating sequence that would permit stable operation of the arc for long periods
without it tripping off. Unstable arc operation led to much variability in the results of early
experiments.

Some Zircaloy-2 specimens were thermally oxidized in laboratory air at - 300"C to give
interference colors thicker than a 50-V anodic film. This resulted in many grains having
oxides 2 to 3 times this thickness. The specimens were immersed in UOH or H~O., polarized
to 50 V, and irradiated with UV in the same way as the anodic films.

Oside 1'hiduIess Meagre_Dis

Specimens from ATR were photographed through the hot-cell window with a color strip
for comparison. Color prints were then balanced, using this control strip, to eliminate the
effects of the yellow lead-glass window. The color photographs were then compared with
an anodized color-strip of zirconium prepared in saturated ammonium borate. Direct visual
comparison through the hot-cell window was difficult because of the yellow lead-glass. The
use of color photographs for comparison gave reasonable thickness estimates up to about
the third-order of interference colors (-300 nm) beyond which ambiguity concerning the
order of interference and greying of the oxide made the method less reliable. Only results
below 300 nm are plotted for this reason, although it was evident that the oxides were
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FIG. I-Comparison ofoxide film thicknessts formtd at low temperature during irradiation with thost
from ouf.reactor.
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Microscopy

Specimens were examined in an optical microscope and photographed in color at mag
nifications from X5 to X400. Such pictures were important in identifying the sharp changes
in oxide thickness that were observed at the edge of the irradiated area after UY irradiation.
Some low magnification color photographs were also taken in dark-field illumination to
show the pattern of grey oxide that developed on the irradiated area.

continuing to increase in thi kness beyond this point. In the laboratory, where direct ob
servation of the magnified specimen is possible interference colors can be followed to much
greater thicknesses. Despite the greying of the oxide. if interference fringes (orders) can be
counted oxide thicknesses can be estimated up to nearly 1 ).lm. Thicker films than this can
be measured if infrared interference techniques are applied.

Specimens irradiated with UV were also compared with the same anodic color strip, were
also weighed, and the oxide impedance was measured using a General Radio 1680A Au
tomatic Impedance Bridge operating at l()J Hz. The impedance was measured in a number
of ways [231: first, in-situ during irradiation. However, because of the low impedance of
the automatic bridge, the applied field had to be turned off briefly while these measurements
were made. Second. measurements were made after removing the specimen from the cell.
washing and drying it. using a small rubber seal that permitted electrolyte to contact only
a small area of the specimen. The impedance of the oxide on this area was followed as a
function of time after the electrolyte was added. Third, the impedance was measured using
spots of a liquid alloy. Viking LS232 (Elmat Corp.. 1271 Terra Bella Ave.• Mountain View,
CA 94941) that wetted the zirconia surface. The last method gave a value for the total
thickness of any porous plus barrier oxide present, and was the one used for comparison
with the measured weight gain of the specimen.
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FIG. 2-Typical ap~a,anct of inlUfutnu colors on ATR sptcimtn of Zircaloy-2 (F62·2). x 4.

Two-stage (formvar-carbon) electron microscope replicas were made from the surfaces
of specimens irradiated in ATR and with Uv. These were examined in a Phillips EM300
microscope. Replicas were also taken from the surfaces of two Zircaloy-2 corrosion speci
mens that were thought to have undergone accelerated corrosion in pH 10 LiOH with no
dissolved hydrogen in an in-reactor loop at Chalk River Nuclear Laboratories (CR L). but
which were still showing oxide thicknesses <2 ....m, and on which the oxide would therefore
be expected to be still relatively pore free. The weight gains of the specimens were actually
lower than expected for an exposure of 65 days at -29O"C, being 2.3 and 6.3 mg/dm',
respectively, compared with the expected value of -12.5 mg/dm'. Nevertheless, the black
appearance of the specimens indicated an oxide thickness greater than that equivalent to
the weight gains. Electron microscopy showed an array of fine cracks in the oxide that were
thought to result from the distortion caused by punching-out specimens for hydrogen analysis.
These were discounted for this investigation.
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FIG. 4-Suca.ssiv~ anodiza'ions of Zircaloy-2 in MilO LiOH.
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Oxide thicknesses, estimated from interference colors, on specimens from ATR 3fe shown
in Fig. 1. The colors on the specimens were very variable and did not show a regular pattern
over the surface. Although not in color, these effects 3fe visible in Fig. 2.

Examples of anodization curves for specimens in a range of electrolytes are shown in Fig.
3. These show similar features to those reported earlier [24]; for instance, the prominent
plateau in the curves (or Zircaloy-2 caused by the difficulty in anodizing the intermetallic
particles in some electrolytes. An effect of electrolyte purification was seen; repeated an
odizations in the same solution (Fig. 4) progressively removed impurities and resulted in
improved current efficiencies for oxide formation. This is a widely acknowledged phenom
enon that does not seem to have been reponed in the open literature. Current decay curves
showed considerable variability (Fig. 5), and especially showed evidence of local oxide
breakdown where surface preparation had been inferior. These differences in oxide growth
and current decay behavior were reflected in the pholocurrents measured (see below); but,
in the absence of clear evidence of local breakdown, did not appear to affect the enhanced
oxidation.

Examples of the photocurrenl curves obtained after "short" or "long" decay times are
shown in Fig. 6. Two components can be recognized: an "instantaneous" rise on switching
on the irradiation and a similar instantaneous drop on switching it off. This rise is followed
by a gradual increase up to a maximum value followed by an approximately constant or
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slowly decreasing photocurrent. There is a corresponding slow decay after the initial drop
on switching the light off. Although there are small characteristic differences in the pho
toellerent curves for different batches of material, the magnitude of the total pholocurrent
appears to be primarily a function of the leakage current immediately before irradiation
(Fig. 7). This would seem to confirm the suggestion [25) that the slow rise in photocurrent
results from a re-equilibration of the space charge in the oxide that causes the current decay
to occur.

Visual examination (Fig. 8) of specimens after irradiation with UV shows a "bull's-eye"
of enhanced oxidation corresponding to the highly focussed beam from the Xenon arc-lamp.
With increasing irradiation time, the maximum oxide thickness at the center of the bull's
eye increases, and the bull's-eye itself broadens. This increase in peak oxide thickness appears
to reach a limit at -700 nm, based on the number of interference orders counted, although
by this time the oxide is so dark that actual interference colors are difficult to see. When
the applied field was reduced below the forming field, the extent of enhanced oxidation
decreased rapidly and was absent for fields less than about half the forming field. Exami
nation of the irradiated area with dark-field illumination also shows that any areas of en
hanced oxidation appear grey (Fig. 9), an indication of porosity at the oxide surface (at
least). The greyness is often not uniform, being often a lighter grey at the periphery of the
area of enhanced oxidation than at the center. This suggests that the development of porosity
is one of the first phenomena to occur at the start of irradiation. The occurrence of a limiting

252 ZIRCONIUM IN THE NUCLEAR INDUSTRY
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thickness for the irradiation enhanced oxide growth is supported by the weight gain data
(Fig. 10), where the specimens with the irradiated area limited by a slot in the platinum
counterelectrode reach a limiting value much earlier than specimens where the lateral growth
of the irradiated bull's-eye was not so limited. Visual observation of a specimen without
any limits on irradiation area confirmed that the apparent interference-color in the center
of the bull's-eye reached a limit, and the bull's-eye then proceeded to continuously broaden
without thickening, but at a decreasing rate. It is inferred that this limiting oxide thickness
results from absorption of the UV in the outer porous layer so that an insufficiency reaches
any remaining barrier layer to continue to cause its breakdown. Curves, such as those in
Fig. 10, were established only for Zircaloy-2 in LiOH; however, the trends appeared to be
similar for other materials and other electrolytes. In specimens with high leakage currents,
and evidence of local oxide breakdown during anodization, the extent of enhanced oxidation
may be significantly reduced. This reduction initially occurs preferentially around the sites
of oxide breakdown and leads to "holes" in the bull's-eye (Fig. 11), where enhanced oxi
dation did not occur. Although the features described above are illustrated primarily with
examples of Zircaloy-2, the same features were found for all materials, and in all the solutions
listed.

Measurements of the oxide impedance in-situ have confirmed that the first phenomenon
to occur after the start of irradiation with UV is an apparent thinning of the oxide (Fig.
12). For anodic ZrOl films at room temperature, explanations of the impedance change
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other than local thinning of the oxide are very improbable. Unfortunately, the low internal
impedance of the bridge prevented measurements being made continuously during irradia
tion; however, the discontinuous measurements on a number of specimens support the view
that porosity develops in the barrier oxide almost immediately after irradiation starts. Imped
ance measurements after the experiment using techniques that measure the oxide thickness
on small areas of the specimen confirmed that a large fraction of the oxide was porous; in
the center of the buWs-eye the impervious oxide is little thicker than that on the unaffected
area outside the irradiated area (Fig. 13), whereas the peak oxide thickness indicated by
impedance measurements with Viking LS232 contacts is about 700 nm, about twice the
thickness of - 350 nm indicated by the interference colors. The difference is represented by
the grey overlying layer of oxide.

Examination of electron microscope replicas of areas of UV enhanced growth (Fig. 14)
showed pores in clusters on oxides formed in acidic solutions such as 5 x 10- 4 mol/m3

H,so•. In more concentrated H,sO.. the anodic film appeared to dissolve completely during
UV irradiation. Few distinct pores were seen for specimens formed in KOH or LiOH. but
the irradiated area was covered with circular "mounds:' Oxides formed in ATR (Fig. 15)
showed clear evidence of the presence of porosity in the oxide films. Details of individual
features (Fig. 16) are typical of those seen previously on porous oxides.

UV irradiation of thermally formed oxide films produced similar changes in oxide thickness



FIG. 9-Appearance 0/ UV irradiated area on a Kroll Zirconium specimen in dark field (x3.3).

FIG. 8-App~aranct 01 irradiated areas on a uquence of Zircaloy-2 specimens with increasing irra
diation lime in UOH from left to right (x J.3).
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and the development of porosity to those seen with anodic oxide films. The effects are more
difficult to see because of the wide variation in the thickness of the thermally formed oxide,
and the tendency for grains showing the thinnest oxide to anodize when a current was
applied.

Since the acceleration of the oxidation of zirconium alloys in high temperature pH 10
LiOH without dissolved hydrogen might also result from a similar development of porosity
in the protective oxide film, 1\\0 specimens were examined that were expected to have shown
accelerated oxidation in an in-reactor loop at CR L, but which still showed oxide thicknesses
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FIG. Il-"Holes" (su 1) in irradialion enhanced oxide on Zirca[oy·2 caused by areas of local
declrical breakdown (x 3).
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FIG. lG--lncrease in oxide Ihicknus on Zircaloy·2 during UV irradiation ol 40 V in LiOH.

Dis<ussion

The photoconduction experiments using UV irradiation showed that, contrary to early
reports [16], enhanced ionic growlh could be obtained during irradiation wilh UV provided

much less than the -2 J.l.rn at which porosity develops in thennally formed oxides in the
laboratory. Two-stage electron microscope replicas were taken from these specimens, and
areas of these (free of the arrays of cracks resulting from punching-out specimens for
hydrogen analysis) are shown in Fig. 17. Widely distributed arrays of pores were seen on
the specimen with the lowest weight gain t relatively few pores were identified on the surface
of the other specimen.

Porous anodic films are often assumed to form by some type of dissolution process. To
look for evidence of this, and because pores were visible only in oxides grown in acidic
Solulions, samples of Ihe MH,SO, electrolyte were senl for chemical analysis. Analysis for
zirconium in solution in sulfuric acid is not easily achieved by spark spectrometry, and
specimens were therefore measured using an ARL inductively coupled plasma emission
spectrograph. Results still showed undetectable zirconium in solution.
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the field remained close to the forming field. The effect diminished rapidly with decreasing
field, and disappeared for fields of half the forming field, or less. The observed photocurrent
peaks showed two components: the rapid initial, almost instantaneous rise, seen by all
previous investigators of photocurrents in valve·metal oxides, followed by a slow rise in
current (over a period of a few minutes) to a shallow peak, or near plateau, that continued
as long as irradiation persisted. During the first few minutes of this irradiation, a sharp
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decrease in the capacitative oxide film thickness was seen (Fig. 12), followed by a rapid
recovery and a continued slow increase in this measure of oxide thickness. Following irra
diation a region of increased oxide thickness, as shown by interference colors, and impedance
measurements using liquid metal contacts was seen. Impedance measurements using elec
trolytes showed an apparent barrier layer oxide thickness, in the peak of the visible "bull's
eye" of enhanced interference-color thickness that was little thicker than that measured by
the same technique in unirradiated areas. In addition. the irradiated area developed a light
grey appearance that varied in it distribution on different specimens. On some specimens.
the grey region was predominantly in an annular ring at the periphery of the region of
enhanced oxide growth. whereas on other specimens it was more uniform over the irradiated
area.

In combination, these measurements strongly suggested that pores or cracks had developed
in the oxide film immediately after the irradiation started, and that in the presence of the
high field further oxide grew as the specimen attempted to restore the normal barrier layer
oxide thickness corresponding to the applied voltage. Electron microscope replica studies
clearly showed the presence of pores in oxides irradiated in H~041 although the pores
tended to be in small clusters, and were not uniformly distributed over the surface. By
contrast, pores were only infrequently seen on oxide films formed in alkaline solutions
(KOH and LiOH), but the irradiated area was covered with a scattering of circular mounds

,
FlG. 14-Distribuliofl of pores ;11 anodic oxide films 011 Zirca!oy·2 irradiated witll UV: (a) and (b)

specimen anodized in H2S0~ (x 73 5(0) and (e) and (d) specimen anodized in LiOH (x 45 jOO).
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FIG. 15-Dislribulion of visible porosily in oxides on Zircaloy·2 formed in ATR (!ormvar.carbon
replicas).

of various sizes, such as have not previously been seen on either thermal or anodic films.
The features most nearly similar to these mounds seen previously were deposits of iron
oxides seen on oxides from some long autoclave tests [26]; however, the mounds seen here
(Fig. 14) lacked the crystallographic facets seen on the latter.

The combined evidence of microscopy and impedance measurements suggested an anodic
dissolution of the oxide and reprecipitation of zrO, on the free surface as the best explanation
of the observations. In alkaline solutions, the zirconyl ion would precipitate (as hydroxide)
close to the point of dissolution, whereas in acid solutions the reprecipitation would be
delayed. The different behavior in electrolytes of different pH could account for the tendency
of the "grey patch" on the specimen surface to be annular for specimens irradiated in H2SOh

but to be more uniform for imilar experiments in alkaline solution. Such an hypothesis
might also explain the infrequency of visible pores in oxides irradiated in alkaline solutions,
despite the evidence from impedance measurements that the oxide is permeable to the
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FIG. 16-Details of pore distributio" itl Zircaloy-2: Specimens (a) D83, (b) L8J, and (c) P73 from
the ATR reaClOr.

electrolyte. When formed at high pH, the pores may be effectively plugged by porous hydrous
zirconia so that the replicating plastic cannot enter. The pores would still be penetrable by
the solution, however. The circular "lumps" (Fig. 14) may be deposits of the same material.
The absence of the usually clear features of a pickled surface (for example, visible grain
boundaries) in the irradiated area lends support to the hypothesis that material has been
redeposited.

The observation of pores in oxides formed in ATR would also be cons1stent with such an
hypothesis, since the water in this reaClOr is slightly acid (pH 5.5). In high-temperature
water, which is usually alkaline in PWR and CANDU reactors, the observations suggest
that the same dissolution process may be occurring. The observation of weight gains less
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FIG. 17-Replicas from Zircaloy-2 specimens corroded in pH 10 LiOH in the U-2 water loop in the
NRU reactor at Chalk River: (a) through (c) Specimen 129, tJ.w 2.3 mgldm2; (d) Specimen 130, t1w 6.3
mgJdm2,

..

than equivalent to the apparent thickness of oxide present appears to correlate with much
visible porosity. Relatively little oxide dissolution would be needed to produce such low
weight gains.

The formation of a porous ZrOl film by dissolution during UV irradiation appears almost
identical with similar observations of Vermilyea [/7] during anodic tantalum pentoxide
(Ta 20 s) formation. Vermilyea offered a similar explanation. Formation of porous anodic
oxide films on other metals,uch as aluminum by a dissolution process, has been widely
proposed although not universally accepted [/8). and in retrospect it is interesting to note
that all the electrolytes giving clearly porous (as opposed to cracked) anodic oxides on
zirconium alloys [24,27) were either acids or sails of strong acids (for example. nitric acid
[HNO,), ammonium nitrate [ H. 0,1. phosphoric acid [H,PO,), potassium dichromate(VI)
[K,Cr,O,J).

That oxide dissolution and reprecipitation might be an important aspect of the formation
of thick, loosely adherent porous oxides under irradiation in the highly acid homogeneous
reactor solutions (UO,50, + H,sO, + Cu50, + 0,) was one hypothesis that was considered
[21). However, apart from circumstantial evidence, such as the almost complete loss of
oxide from specimens in loops with high solution velocities (but not in autoclaves), no firm
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FIG. IS-Pores in the oxides on Zircaloy·2 specimens corroded in UO~O~/H~O~/C"SO~ solution
in-reaclor at very low power density.

,.

b.

evidence in favor of this mechanism was found. Experiments that looked at dissolution of
irradiated ZrOl in a post-irradiation environment showed no effect [20]. but in retrospect
such experiments may have been doomed to failure. Autoclave tests in·reactor at very low
fission power densities [25] also showed some evidence for weight losses and lower than
expected weight gains that were misinterpreted at the time. Replicas of these specimens
(Fig. 18) bear a significant similarity to those obtained in this work and would now be
interpreted in the same way.

In the laboratory an anodic dissolution process enhanced by the UV irradiation, the high
electric field, and the concentration of chemical species at this surface may be the primary
mechanism for dissolving zirconium locally. The reason for the local nature of this dissolution
must be speculative at present; but may turn on the situation whereby any initial local attack
at a preferential site would increase the anodic field and current at this site and so tend to
concentrate the localized dissolution. Under irradiation in a reactor the apparent absence
of an electric field at the specimen surface makes it difficult to envisage the same mechanism
operating. It is not completely certain, however, that such voltages would be absent in
reactor since large photovoltages across Zr02 films have been reported in vacuum from UV
irradiation alone [28], and Compton electron emission will be prevalent in-reactor. Surface
potentials of zirconium specimens in aqueous solution move anodically on irradiation with
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~-rays [29], and the damaging ffects of the primary recoils from fast neutron or fission
fragment collisions in-reactor must also be taken into account. Previous evidence i3l has
shown that both fast-neutron irradiation and a water chemistry containing oxygen radicals
(or other radiolytic species) must be present before large increases in corrosion rate are
observed in water reactors, and perhaps a local dissolution of fast-neutron recoil tracks is
the operating mechanism. Such a localizing mechanism would be needed to replace the self
locatizing effect of the field.

Thus, the general observations in this work, that porosity can be developed in irradiated
Zr02 films in the presence of electromagnetic radiation alone (if an applied electric field is
present) or with electromagnetic plus fast neutron irradiation (if an external field is absent)
may be a general method for enhancing oxidation under irradiation. If the effective thickness
of the barrier layer of oxide is reduced by such processes then the oxidation rate will be
enhanced as the specimen attempts to restore this barrier layer thickness. In the case of the
UV irradiations the barrier layer thickness at the end of the irradiation remains similar to
Ihat at the beginning, and the irradiation enhanced oxidation results in an added layer of
porous oxide of thickness proportional to the local irradiation influence. If a similar process
is occurring in-reactor in high-temperature water. then this could account for the apparenlly
additive rather than multiplicative nature of the irradiation enhanced corrosion under such
conditions [22].

Thus, a hypothesis, such as that proposed here, offers the prospect of explaining many
features of in-reaclor corrosion that have not been easy to understand before:

1. The apparently additive nature of the enhanced in-reactor corrosion is understandable
in terms of the material's attempt to maintain a normal barrier layer oxide thickness in
opposition to any dissolution process.

2. The important effect of reaclor water chemistry may be seen in the light of its influence
on the local dissolution and reprecipitation reactions.

3. The relative impact of electrical conduction effects (from the electromagnetic radia
tion), electric fields, and displacement damage may dictate the magnitude of the enhanced
corrosion seen.

It is obvious that much of this is currently very speculative, and our inability to observe
any direct evidence of oxide dissolution, even in homogeneous reactor solutions, is a major
contra-indication for this hypothesis. However, such a hypothesis would explain why much
experimentation in 'V-fluxes alone has failed to show up any clear evidence of enhanced
corrosion. Much of this work [3,30,3/J was performed in steam or gaseous atmospheres,
where dissolution processes would not be possible.

Conclusions

Enhanced growth of anodic ZrO, films during irradiation with UV light occurs provided
the electric field across the oxide is close to the forming field during irradiation. The ad
ditional oxide growth occurs in an attempt to maintain the normal barrier layer oxide
thickness during an UV induced local dissolution of the oxide film. Reprecipitation of the
oxide that is dissolved varies in rapidity with the nature of the electrolyte, and in alkaline
solution may he sufficiently rapid to form a porous plug in the mouths of the pores formed,
thus masking their presence in electron microscope replicas, but not during AC impedance
measurements.

The thick interference colored oxides formed on Zircaloy-2 specimens in the ATR reactor
at -55°C were also porous, and it is concluded that a similar local dissolution of fast neutron
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damage tracks may be the cause here. A similar mechanism may have been the cause of
the thick loosely adherent porous Zr02 films formed in homogeneous reactor solutions and
may also be the cause of enhanced in-reactor oxide growth in high-temperature water
reactors.
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