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Abstract

Nodular Corrosion on the Zircaloys

A.B. Johnson, Jr.l and R.M. Horton2

Oxide nodules form on Zircaloy nuclear componenfs under irra-
diation. Similar.nodules were observed on Zircaloy coupons in cold
rolled or extended conditions after autoclave treatments at 475°C and
500°C in steam at 1500-1700 psi. The stages of nodular corrosion in the
autoclave were: nodulé nucleation, growth, coalescence, propagation to
accelerated uniform corrosion, and complete specimen oxidation. .Observations
on BWR fuel rods suggest that a similar ﬁrogressive attack has occurred; .
however, in no case has the in-reactor attéck progressed to the stage of
complete fuel rod failure.

'Récent autoéia?e tests confirﬁed ﬁhe nodular character of the
attéck on cold wofked materials. Alpha anneals (up to 790°C) did
not consistently suppress the nodular attack. However, alpha + beta
(840°C) and beta (10106C and 1040°C) anneals did suppress the attack if
followed by a fast cool. The efficacy of the anneals applied similarly.
to Zircaloy-2 and Zircaloy-4. Stresses associated with U-bend specimens

and heavy (86%) cold work did not enhance the nodular attack before stress

relief occurred.

,1Corrosion Research and Engineering Section, Battelle Northwest, Richland,
Washington 99352. :

2Materi'als Science Branch, Acroject Nuclcar Co., Idaho Falls, Idaho 83401.
Work completed while on a NORCUS appointment at Battelle Northwest.



Additional work is required to confirm preliminary evidence
that materials in the reactor and autoclave environments respond similarly
to factors such as metallurgical conditions.

The nodular attack on reactor components appears to depend
on nucléar flux, and develops in oxygenated reactor coolants, principally

in the vicinity of fuel rod spacers. Experience with irradiated specimens

" in reactor loops suggests that uniform concentrations of dissolved oxygen

alone do not initiate nodular attack.
Localized water chemistry associated with flow disturbances or,
in some cases dissimilar metals in fuel spacers, may be factors in the

nodular attack in-reactor.
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Nodular Corrosion of the Zircaloys

Introduction

Zircaloy-Z1 and Zircalo'y—4l are the standard fuel

cladding materials for nearly all water-cooled nuclgar reactors produced

in the Western world. Except for some early crud-induced failures,
corrosion of the Zircaloys from the coolant side has not been a significant
cause of fuel failures. However, accelerated corrosion, both uniform and
localized, occurs on Zircaloy'reabtor components. The accelerated attack
is most pronounced in_tﬂe oxygenated boiling_water reactor (BWR) coolants.
A defailed description of the phenémena will not be repeated here, since
that is well-documented. The phenomena most significant to this discussion
are

o oxide nodules2 on BWR fuel cladding (Zircaloy-2) [1-3]; in
séme areas the nodules appear to have coalesced [1];

o thick,'spalling.oxides on BWR fuel channels [4,5]; verbal
descriptions suggest 1ﬁat the thick oxides initiated by a
nodular mechanism;

o nodular corrosion on fuel rods exposed in the Steam Generating
Heavy Water Reactor (SGHWR), enhanced by proximity to fuel
spacers, particular;y at the inlet end [3];

o nodular corrqsion on KWO (PWR) Core One fuel rods, corresponding

to a period of relatively high oxygen concentration in the

‘primary coolant [6].

1 zircaloy-2 zr, 1.5 Sn, 0.14 Fe, 0.1 Cr, 0.05 Ni
Zircaloy-4 Zr, 1.3 Sn. 0.22 Fe, 0.1 Cr, 0.007 Ni

Iﬁ this discussion nodules are defined as soiid, lenticular localized oxide
growths; pustules, as used here, differ by being substantially hollow.
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Other instances of localized corrosion are reported under
PWR conditions [7,8], but PWR experience generally indicates absence of

oxide nodules and significant flux-enhanced corrosion [9].

Even though the localiied corrosion has not caused fuel failures,
the relatively thick noduiar oxide on fuel rods and the thick, spalling
oxide on fuel channels provide substantial incentive to understand the
accelerated corrosion, the factors which accelerate and suppress it, and

the potential consequences.

Relation to Experience with Non-Fueled Irradiated Specimens

Visual and microscope examinations on numerous specimens irradiated
in réactor loops have revealed several instances of localized corrosion
phenomena, inciuding pustules [10, 11], localized surface roughening and
associéted oxide porosity [12], and alloy element segregation [10];~
Corrosion in the'vicinity of dissimilar metals also has resuited in local
oxide thickening [11, 12]. However; oxide growth on the Zircaloys under
irradiation did ﬁdt involve nucleation of large oxide nodules in ETR
[13, 14] or ATR [11] loop tests, even in oxygenated coolants. Oxide
films from ~lum tOfVlSO um wére essentially free'of large oxide nodules
[13, 14]. Van der Linde [15] observed pustules (nodules by the definition
used here) on irradiated sbecimens in an oxygenated cooiant, but in a
region of flow disturbance. Thus, flow disturbances appear to be a major
factor_in the occurence of podular corrosion in-reactor, perhaps creating
localized water chesmistries in constrast to more uniform chemistries in

the loop tests.
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Dissimilar metals in fuel rod spacers (Inconel springs and,
in some céses, stainless steel members) need to be considered in assessing
nucléation of nodules on fuel rodsg

Oxide spallation. occurred occasionally, but was not a familiar
phenémenon on reactor loop specimeﬁs, except at sharp corners on specimens

having thick oxides [13].

Autoclave Studies of Nodular Corrosion

Oxide nodules nucleated on rolled or exf;uded Zircaloy-2
specimens exposed in high-pressure séeam (1500-1700 psi) at 475 and
SOOfC [16]. The stages of the attack appear in Fig. 1, indicating that
the nodular corrosion propagated to rapid general corrosion, which
frequently nearly consumed specimens 0.75 mm thick within 24 hr at 500°C,
The nodular attack was completely eliﬁina;ed by a beta anneal (1010°C,
10-15 min), allowing the specimens to survive exposureé of ~80 days at
500°C. Alpha anneals (760°C, 8 hr) suppreséed nodules on the coupons,

~ but oxide spalled more readiiy'than on corresponding beta-annealed
speciméﬁs. Beta anneals always suppressed the nodules on ~10 lots of
Zircaloy-2 iﬁ approximately a dozen separate autoclave runs. Alpha
anneals did not always suppress the nodules.

SeVerél»invesfigators (Referenced in 16) have seen the rapid
approach to failure on Zipcaloy—Z in high-pressure steam at ~500°C, but
did not report nodular corrosion. To idenéify the nodular attack requires

specimen inspection in early stages, before the nodules coalesce.
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Cox [17]) did not observe nodules on Zircaloy—-2 specimens

having alpha and beta anneals exposed at 500°C and 600°C in steam 5t 15,
500, 3000, and 5000 psi. ‘However, his study did not include extruded or
rolled specimens, which Qere most prone to develop nodules in the BNW
studies. Cox's conditions spénned, but did not includé, the pressure rangé
used in the BNW studies.

| Further work was performed at BNW to confirm that the earlier
responses were reproducible, to extend the work to Zircaloy—4, and to

investigate in more detail heat treatment effects..

Experimental

-Three~lots of Zircaloy—Z and one lot of Zircaloy-4 were‘included
in the autoclave tests discussed here. Tﬁe specimens were cleaned in
detergent and acetone, vééuum~heatAtreated (Table 2), pickled (57 vol %
Hy0, 4 v&l % HF, 39 vol % HNO3),‘£insed in Al(NOj)3, water and acetone.

| The specimens were expoééd in a stainless steel autoclave (52)
on. a stainless steel rack, at 475 or 500°C, in'a steam pressure of
11 MPa (1600 psig). The autoclave feedwater was deionized (resistivity, ~1MQ,
and deoxgygenated (<0.i ppm O9). fhe refreshment rate was 1.2 %/hr. The
autoclave was vented upon startup to remove air, using standard methods f18].

_The'specimgﬁs @ere.exposed in duplicate in each of the metallur- - -
gical condifions shown in Table -2, for 16 hr. at 500°C or for a succession
of 8,8 anﬁll6 hr. (totai of 32 hr.)lruns at 475°C. . In a&ditibn, coupons 6f
Zircaloy-2 '~ lot HT [Refs 10,.14], having 86% cold work were exposed at
475°C and 500°C. U-bend specimens (one cm bend radius) were prepared
from coupons of Zircaloy-2, lot 28787 and Zircaloy-4 lot 904. The specimens

were autoclaved only at 500°C.



Results
The autoclaved specimens were characterized by visual and
microscopic inspection, weight change, scanning electron microscopy (SEM)
and metallography. The 500°C test, being more severe, was a better measure
of the approach to failure, as a function of lot and heat treatment. The
475°C test was milder, providing opportunity for observations regérding

nucleation of the nodules.

.

Visual Inspection

Figures 2 and 3 show specimens from 475°C and 500°C autoclave

tests. Nodular corrosion of the type previouély reported is clearly evident,

in various stages of development. -The severity of the attack varied from .

lot-to-lot and as-a function of heat treatment. Zircaloy-2 and Zircaloy-4
corrosion responses differed in some details; but were similar in most
aspects. The corrosion behavior of duplicate specimens was remarkably

similar; in agreement with earlier results [16].

Effects of Heat Treatment

The principal observations regarding heat treatment effects are

summarized below:

O The alpha treatments caused some improvements in resistance to
nodular attack, but the influence was minimal for two Zircaloy-2
- lots; the alpha anneals did not fully suppress the nodules on

any lot. Anneals in the high alpha are marginally effective,

generally\improving resistance to nodular cd;?bsionfsbmetimes
" "suppressing nodules [16], but never as consistently as the

beta anneal, fast cool.



O The alpha + beta, fast cool condition suppressed
nodules and resulted in weight gains which were essentially
the‘same as those on specimens in the beta anneal, faét cool
condition.

O The beta anneal, fast cool conditions suppressed the'nodular
attack, though small areas of white oxide appeared on some
specimens; weight gains‘were consistently low on beta, fast-
cooled specimens.

o The beta anneal; slow cool, promoted nodules on gll three
Zircaloy-2 lots. The unfavorable effect of the slow cool was
less for Zircaloy-4 than for'Zircaloy—Z in both éutoclave treat-

ments.

Weigﬁt Changes

The weight changes on specimens in the two autoclave tests
(Table 3) generaily reflected the visual appearance. The relative order

of the weéight gains is summarized below:

Zircaloy-2 and Zircaloy-4:

1 aipha + beta
oC- -
500°C: As-rec > alpha > beta (slow) > beta (fast)
Zircaloy-2:

On. alpha alpha + beta
4757C: beta (slow) > as-rec beta (fast)

- Zircaloy-=4:

alpha + beta“

O¢. _
4f75 C: as-rec > alpha > beta (slow) > beta (fast)

1 Exception: Lot 1021 Zircaloy-2



Effect of Stress

U-bend . and heavily cold worked (867%) specimens were included in
the 500°C test to determine whether the stresses would iﬁfluence nodule
nucleation before stress relief occurred during the autocléve teét.‘ The
post-test appearance of the U-bend specimens was similar to unstressed
specimens of the same lot (38499). Heavy éold work also did not appear to
~accelerate nodule nucleatibn beyond what was expected. In the earlier

study [16], nodules formed preferentially around intentional indents.

Microscopy

“

‘Figure 4 shows top views of mature nodules and several locations
Qhere nodules are nugleating. In advanced stages of coalescence, iarge
cracks appeared in most of the "valleys' between adjacent nodulés. A
finer, layered crack structure devéloped within each nodule. The cracks
were circumferential, centefed on the:upper tip of ‘the nodule. A scanning
microscopy view of a nodule pair emphasizes the layered structure of the
intra—nodulér crack pattern (Fig. 5). Loéalized corrosion on the beta
slqw—coolgd specimgns (Figure 4c) differed from the nodules on as-received
and alpha—annealgd specimens. The oxide mounds on the beta structures

had transverse rather than circumferential cracks and were not cone-shaped.

iMetallograEhy

. , : §
R Figure 6 shows cross sections of nodules at several states. The
cracked nature of the oxide is evident, with cracks running roughly parallel

to the metal/oxide interface. The tips of the nodules sometimes spalled,

but otherwise they remained hard, tenacious and free of spallation.



Studies of the metallographic structures of the four materials used in

this study is only partially complete.

* Discussion
The autoclaved study reported here confirms the reproducibility
of the nodular attack reported earlier [16]. However,'it indicates thét
alpha anneals are not a dependable.method to suppress mnodules, but thét
alpha + beta and beta anneals suppress nodules if followed by a fast cool.
It also indicates that Zircaloy-4 responds favorably to alphé + beta and.

-beta anneals.

Comparison of In-Reactor and Out-of-Reactor Nodule Attack

The phéses of the nodular attack indicated.in Figure 1 appear
to apply both to. in-reactor and autoclave nodule development. Individual
. nodules have nucleated and grown to maturity on fuel rods (e.g., Figure 63
of Reference [ 1]). Some areas on fuel rods have thick oxides which
likely resulted from nodule coalescence (e.g., Figure 63 of Reference [11]).
Oxide spéllation is reported'té occur 6n BWR fuel rods, but we are not
aware of any instance whére the attack progressed to Stage e on in-reactor
components.

The factors which promote the nodular attack in-reactér appear
to be high system pressure, radiation, flow disturbances and oxygenéted
conditions. While the nodules freqﬁently develop in the yicinity of

dissimilar metals (spacers) there is no clear evidence that metal couples

are a factor. -

~.



.In the autoclave, the rapid attack at temperatures near 500°C
increases with increasing steam prgséure. The nodular corrosion initiates
in-reactor in high—pressﬁre water, but the autoclave and reactor environ-
ments have little in common.

On the other hand, similarities in the responses of materials
to the two environments appear to be emerging. There are visual reports
that welds on fuel channels are far more resistant to accelerated attack
_th;n the remainder of the fuel channels, appearing to parallel the efficacy
of beta anneals in autoclave studies. There is preliminary evidence from
our autoclave tests that the Zr-2.5Nb alloy in the quenched, cold work,
aged condition'resists nodular attack. Evidehce from SGHWR observations
suggests that the alloy resisted nodular attack under in-reactor conditions
which produced it on Zircaloy [3].

If it can beAdemonstfated that the autoclave tests produce
nodules reproducibly from lab to lab, and given mate;ials respond similarly
in autoclave and reactor_environments, then the autoclave test may provide

valuable insights to susceptibility to nodule development in-reactor.

Mechanisms,
The state of understanding regarding the stages of nodular

attack shown in Figure 1 are briefly outlined below.

Stage a

N The factors which cause nodules to nucleate are not well under-
stood for reactor or autoclave environments. Nodule nucleation
involves a factor which causes corrosion to penetrate locally into

the metal surface. The evidence that metallurgical factors are

involved in the autoclave test are a) reproducible suppression of
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nodules with selected heat treatments; b) reproducible nodule mor-
phology on a given Zircaloy lot, but differing morphologies hetween
lots.

Certain types of stressed areas appear to promote nodules [16],
but stress does not appear to-'be first order factor.

Surface contaminants ﬁavé been suggested as an explanation for
the localized attack [4, 17 ]. However, if present,.céhtaminant
effects are clearly superimposed on métailurgical effecté. |

Local variations in dissolved alloy content or secopd phase
particle distribution are two potential explanations for.loEal corrosion

penetrations.

-Stage b

Once local incursions of oxidebdévelop in the metal, the nodular
corrosion appears.to have the essentials of self-propagation. The
“oxide volume is ~1.5 times the volume of the méfal from which it
.férms, tending;to generate sfresses within the oxide pockets, which
pfomo;e developmeht of a- cracked, non-protective oxide. The cracked
charactef of the oxide is evident from microscopy and metallography.
The concentric crack structures suggest a series of uplifts as the

oxide stressesigppargntly reached levels where shear could occur.:

Stage c”

As nodules begin to impiuge on each other, they generate addi-
tional stresses and promote more é}acking, further redpﬁing the
protective character of the oxide. However, progression to Stage c

does not always occur at the same ratee on a given material from one

autoclave test to another, for reasons which are not clear.
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"Stage d

| After complete nodule coalescence, a thick, relatively uniform
oxide is generated. Tﬁe oxide grows at rates -which are much faster
than the rates normally characteristicAof Zircaloy oxidation at the
test temperature (rates prior to nodule development). The most likely
accelerating factor is stress. In a few cases, where uneven corrosion
developed on two sides of a specimen at 500°c, substantiai bending
occurred, indicating that the oxide exerts majof stresses. Some oxide
spallation occurs in Stage d, though most of the oxide apﬁeafs to

remain on the specimen.

Stage e

Some specimens which develop nodular oxide survive for several
agtoclavg cycleg (many days) witho;t complete oxidation. - On other
’ materials, almost completerxidation to a pile of fine oxide-pafticles
can occur wiﬁhin 24 hours at 500°C. Stage e appears to_be an outgrowth
of Stage d; Again emphasizing an earlier observation, Stage e does
‘not appear to have éccurrédvin—reactor.

We have additional studies underway to develop a clearer under-

standing of. the nodular phenomena whicﬁ'develop in the autoclave. Eventually

we hope to relate that understanding to nodular phenomena which develop

in-reactor.

-
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Conclusions

1. Nodular corrosion phenomena Which develop on Zircaloy
components in BWR environments and to lesser extent on PWR components
provide an incentive to.unAerstand the factors which promote them and
development of methods to minimize them. |

2.. Nodular corrosion phenomené develop reproducibly on cold
worked or extruded Zifcaloy—Z and Zircaloy-4 specimensAin Battelle Northwest
autoclaves in high-pressure steam (1500-1700 psi) at 475°C and 500°c.

3. Alpha + beta and beta anneals followed by fast cooling
were effective in suppressing the nodular attack on Zircaléy—Z and
Zircaloy-4. Beta anneals followed by a 'slow ;ool induced a nodular attaék.
Alﬁha anneals were not reproducibly effective in suppressing nodules.

4. Preliminary evidence suggests that similarities exist
in Zircaloy responée to heai treaFmeﬁt and'alloy factors in the autoclaje
and reactor environmeﬁts. The autoclave test would become a useful
screening tool if similar responses of materials té the ﬁwo environments.

can be clearly demonstrated.
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Table 1 - Analysis of Alloys (Weight Percent)

Zircaloy-2 Zircaloy-4
Lot 38499 (a) Lot 28787 (a) Lot 1021 (a) Lot 904 (b)
Sn 1.47 1.41 1.34 1.35
Fe 0.13 0.131 0.13 0.23
Cr 0.1 0.090 0.16 0.09
Ni 0.06 0.052 0.05 . <0.0010
Al 0.0035 0.0035 0.0040 0.0025
C 0.0130 0.0170 0.0042 <0.0030
Cu 0.0014 <0.0020 0.0016 <0.0025
Hf 0.0062 0.0068 0.0090 (b) <0.0077
H 0.0015 0.0020 0.0010 (b) 0.0017
N 0.0042 0.0040 0.0040 0.0034
0 0.108 0.118 -- -
Si 0.0052 0.0042 0.0030 ©0.0070
Ti 0.0034 0 0.0010 - <0.0020

.0025

(a) Analysis of sheet |
(b) Highest analysis from top, middle and bottom of ingot



Table 2 - Heat Treatments Prior to Autoclaving

Description Temp. (°C) Time (hr) Cooling Rate'(b)A
As Received (a) - - -

Alpha 760 7 Fast
High Alpha 790 7 Fast
Beta I 1010 0.25 Fast
Beta II 1040 0.25 “Fast
. Beta I 1010 0.35 Slow
Alpha + Beta 840 0.7 Fast

(a) Zircaloy-2 ‘Lot 38499 a vacuum annealed
' Lot 28787 cold rolled
Lot 1021 cold rolled

Zircaloy-4 Lot 904 a vacuum annealed

(1 hr. at 788°C)

(b) fast is approx. 10°C/sec. for T > 500°C; slow is 2.5°C/min.



Table 3 Weight Changes on Autoclaved Zircaloy - 475°C and 500°C

‘Heat Treatment

As-Rec Alpha Alpha + Beta Beta .
760°C_ 790°C 840°¢C 1010°C (fast) 1040°C (fast)  10109C (slow)
mg/dm2 rg/dm2 mg/dm2 mg/dm?2 mg/dm2 _ mg/dm2 : mg/dm2
Aatoclaved 500°C, 16 Hr.:
Zircaloy-2 Lot 38499 301 - 270 60 ' - ‘ 60 199
Zircaloy-2 Lot 28787 2735 - 1394 63 - 56 _ . 134
Zircaloy-2 Lot 1021 = 1912 - 2938 60 - - 62 648
Zircaloy-4 Lot 904 2888 - 396 64 - 52 89 -
Autoclaved 475°C, 32 Hr.:
Zircaloy-2 Lot 28499 50 s 50 53 41 IAA 32 (8 hr) 151
Zircaloy-2 Lot 28787 67 67 67 - 45 _ 41 31 (8 hr) 103
Zircaloy-2 Lot 1021 64 44 (24 hr) 59 40 - 43 30 (8 hr) 161
Zircaloy-4 Lot 904 411 98 .92 40 39 29 (8 hr) 71

Zircaloy-2 Lot HT 99
' 867 CW ‘
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