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Abstract

Recently analyzed long-term Zircaloy autoclave corrosion data were used to develop new Zircaloy corrosion cor-

relations. Twenty-two di�erent autoclave tests were analyzed. The tests included specimens from 46 di�erent heats, of

both Zircaloy-2 and Zircaloy-4. The material conditions included di�erent heat treatments and various pre®lms. Ap-

proximately 14 500 data points were generated. Maximum exposure time was 10 507 days (�29 yr) in a 316°C, test and

maximum weight gain was 1665 mg/dm2 (�114 lm of oxide ®lm) for a 338°C experiment. A single linear post-transition

rate constant was determined in tests where maximum corrosion ®lm thicknesses did not exceed �30 lm. At the highest

temperatures, where oxide ®lm thicknesses in excess of �30 lm were generated, the post-transition corrosion data can

best be described by two successive linear equations, each active over a di�erent range. Special in-reactor tests dem-

onstrated that accelerated in-reactor e�ects on corrosion dissipate after growth of an additional oxide ®lm, on the order

of the thickness of the pre-transition oxide layer. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Low-temperature ex-reactor (autoclave) corrosion of

Zircaloy has undergone renewed interest recently due to

considerations associated with the long-term storage of

spent fuel elements from nuclear reactors. To date, the

fuel-element cladding of choice for most nuclear power

plants has been one of two Zircaloys, which are alloys of

zirconium with small amounts of tin, iron, chromium,

and nickel as alloying additions. Zircaloy-4 is used as

cladding in pressurized water reactors (PWR) and in

channels in some boiling water reactors (BWR). Zirca-

loy-2 is the common cladding used in BWRs. The two

properties of zirconium alloys that largely in¯uenced

their selection for cladding are their excellent high-

temperature water-corrosion resistance and very low

thermal neutron absorption cross-section. Since these

two Zircaloys exhibit similar corrosion behavior out of

reactor, only the generic term `Zircaloy' will be em-

ployed in this report. However, all discussions and

conclusions in this document apply to both Zircaloy-2

and Zircaloy-4.

Under present considerations it is anticipated that

the vast majority of repository exposure for the Zirca-

loy-clad spent fuel elements would take place at tem-

peratures in the neighborhood of �95°C and below.

However, most Zircaloy autoclave data have been gen-

erated in the temperature range of 250±360°C in de-

gassed deionized water and with relatively short

exposure times for the lower test temperatures. The ex-

cellent corrosion resistance of Zircaloy makes it im-

practical to conduct meaningful isothermal autoclave

testing below �230°C in any reasonable time period,

except in extreme water chemistries. Thus, it will be

necessary to employ corrosion correlations based on

data generated at the temperatures above 230°C and

make extrapolations to the lower temperatures antici-

pated in the repositories.

Two primary tasks must be completed to provide a

corrosion predictive tool for long-term storage of Zir-

caloy core materials. First, a corrosion database must be

obtained and used to develop a correlation to predict

corrosion. This report presents the results of 30 yr of

out-of-reactor autoclave testing. This database provides

corrosion rates for the lowest temperatures for which

meaningful results could be obtained for the time period

since the Zircaloys were developed. These data are used

to develop a predictive correlation for Zircaloy
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corrosion. Second, the correlation must be shown to

apply to Zircaloys after irradiation. The results of spe-

cial in-reactor tests are used to support an assumption

that in-reactor e�ects on the corrosion rate cease after a

period of additional oxide growth. Two important lit-

erature results that support this assumption also are

discussed.

2. Background

Zircaloy reacts with water to form a corrosion ®lm of

ZrO2, by the following reaction:

Zr� 2H2O! ZrO2 � 2H2: �1�

Since virtually all of the oxygen generated in Eq. (1)

reacts with the Zircaloy to form the corrosion ®lm and

the ®lm remains adherent, the weight gain of the cor-

rosion specimens has been used as a direct gauge of the

oxide ®lm thickness. 1 The Zircaloy corrosion processes

are known to occur in three stages:

1. The early pre-transition regime, characterized by the

formation of a thin, black, tightly adherent corrosion

®lm that grows thicker in accordance with a cubic

rate law.

2. The midlife transition, or transitory stage, that lies

between the pre-transition and post-transition stages.

As initially shown by Bryner [1], this region appears

to be comprised of series of successive cubic curves,

similar to the initial cubic kinetic curve, but initiating

at shorter and shorter intervals.

3. The linear post-transition kinetic regime.

The three-stage Zircaloy corrosion behavior is shown

schematically in Fig. 1. The dashed lines in Fig. 1 indi-

cate that most early corrosion models recognized only

the pre-transition and post-transition kinetic regimes.

Since some spent fuel cladding will be in the post-tran-

sition region upon entry into a repository, i.e., oxide ®lm

thicknesses in excess of 25 lm, this document will be

concerned only with post-transition corrosion behavior.

The use of these kinetics will be conservative for clad-

ding that may not have attained the post-transition re-

gion prior to disposal. Post-transition corrosion kinetics

can be described by an expression of the form

DW � KLt � C; �2�

where DW is the specimen weight gain, in units of mg/

dm2, t the exposure time, in units of days, KL the em-

pirical constant, usually termed the linear (or post-

transition) rate constant, in units of mg/dm2/day, and C

another constant, in the same units as DW (mg/dm2),

which is the intercept of the linear equation at zero time.

From Eq. (2), a plot of the weight gain as a function

of the exposure time produces a straight line with a slope

equal to KL and an intercept equal to the constant, C.

The temperature dependence of the linear rate constant

(KL) has been shown to follow an Arrhenius-type be-

havior of the form

KL � B exp �ÿQL=RT �; �3�

where B is an empirical constant, in units of mg/dm2/

day, QL the activation energy for the post-transition

(linear) corrosion region, in units of J/mol, R the uni-

versal gas constant, 8.31 J/mol K, and T the absolute

temperature, in units of K.

Thus, from Eq. (3), a plot of the natural logarithm of

the linear rate constant � ln�KL�� against the reciprocal of

the absolute temperature generates a straight line with a

slope equal to )QL/R and an intercept on the Y-axis

equal to the natural logarithm of the constant, B.

Combining Eqs. (2) and (3) results in the following

general expression for the post-transition corrosion of

Zircaloy as a function of both time and temperature:

DW � �B exp �ÿQL=RT � t� � C: �4�

Many early isothermal autoclave corrosion studies of

the Zircaloys have been conducted, primarily in the

temperature range of �290±400°C [2±10]. In 1976 Hill-

ner [11] compiled the data from Refs. [2±10] into engi-

neering curves for each exposure temperature and,

generating an activation energy for the post-transition

rate constant, KL, produced the following empirical ex-

pression for post-transition behavior:

DW � 1:12� 108 exp �ÿ12529=T � t; �5�
1 14.9 mg/dm2 of weight gain� 1 lm of oxide growth�

0.66 lm of metal consumed.

Fig. 1. Schematic drawing showing the three Zircaloy corro-

sion regions: pre-transition, transitory, and post-transition. The

dashed lines indicate that early models recognized only the pre-

transition and post-transition regimes.
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where all of the terms have been de®ned previously.

During the analyses of the Zircaloy corrosion data, the

constant C was found to be small and not included in

Eq. (5). (Note that for ease of calculation the parameter

QL/R has been combined into a single value in the above

equation.)

Several additional Zircaloy corrosion models have

since been published in the technical literature [12±19].

Most modes follow the form of Eq. (4) for post-transi-

tion behavior and those that do not can be converted

easily to this format. Comparisons with Eq. (5) have

been conducted in many investigations [15±18,20±30].

Almost all of the early models su�er from one major

weakness: there is a paucity of data for extended expo-

sures in the post-transition region, especially at low

temperatures. The Bettis Atomic Power Laboratory has

generated a considerable quantity of autoclave corrosion

data since the publication of Ref. [11]. The sections be-

low present these new data and discuss the generation of

new post-transition corrosion equations for the long-

term autoclave exposure of Zircaloy.

3. New corrosion database

3.1. Test description for autoclave tests

Table 1 provides a summary of the material, test

conditions, and the number of specimens employed in

these experiments. All samples were either Zircaloy-2 or

Zircaloy-4 compositions meeting the ASTM B-353 re-

quirements. There were 278 specimens from 46 heats of

material. Both thermal and anodic pre®lms were in-

cluded.

The tests were conducted in static isothermal auto-

claves containing pH 7 water of ®ve di�erent tempera-

tures; 270°C, 288°C, 316°C, 338°C and 360°C. There

were single tests conducted at 270°C and 338°C, three

tests at 288°C, seven at 316°C and ten at 360°C, for a

total of 22 separate experiments. Specimen dimensions

were typically 25 mm� 25 mm by �1.5±2.5 mm thick.

Sample preparation consisted of a pickle in 39 vol.%

HNO3 plus 3.5 vol.% HF, with H2O as the remainder. A

minimum of 50 lm of metal per surface was removed

during pickling. The specimens were then rinsed in de-

ionized water, dried, and weighed on a ®ve-place balance

prior to loading into the autoclaves. Periodic weight

measurement were then obtained during exposure in the

22 di�erent autoclave tests. At the completion of each

periodic weight gain determination, the specimens were

returned to their original autoclaves.

The number of specimens in each test decreased with

increasing exposure since coupons were removed peri-

odically for destructive analyses. For possible repository

disposal application, long-term exposure data are of the

most interest. Therefore, this analysis concentrated only

on the post-transition kinetic region. It was assumed

that weight gains of approximately 40±45 mg/dm2 and

above were in post-transition and the weight changes

were tabulated from this point on. Maximum exposure

time for any specimen was 10 507 days in a 316°C test

(test #5) and the maximum weight gain was 1665 mg/

dm2 (�114 lm of oxide) in a 338°C experiment (test

#12). The total database is comprised of approximately

14 500 data.

3.2. Test data

Specimen weight gains (mg/dm2) were obtained for

each specimen at each exposure time. The data were

grouped by coupons that were nominally identical and

tested together in the same autoclave in each test. The

results were plotted on a single graph as a function of

total exposure time (days). Each test was considered as a

separate entity to prevent domination of the analysis by

tests with many samples and weight-gain measurements.

Table 1

Summary of material and test conditions

Test

no.

Spec.

no.a

Temp.

(°C)

Materialb Heat

treatc

1 4/4 270 Zr-2 a
2 10/9 288 Zr-2 a
3 6/5 288 Zr-2 a
4 6/5 288 Zr-4 a
5 5/5 316 Zr-2 a
6 5/5 316 Zr-2 a
7 3/3 316 Zr-2 a
8 15/3 316 Zr-2 a
9 20/9 316 Zr-4 a

10 15/3 316 Zr-4 a
11 21/9 316 Zr-4 a
12 6/3 338 Zr-2 a
13 7/6 360 Zr-4 a
14 2/2 360 Zr-4 a
15 7/7 360 Zr-4 a
16 4/4 360 Zr-4 b
17 3/3 360 Zr-2 a
18 17/6 360 Zr-2 a
19 71/57 360 Zr-4 a
20 12/12 360 Zr-4 a
21 29/27 360 Zr-4 a
22 10/9 360 Zr-4 a & b

a The number to the left of the / shows the number of specimens

at the start of the post-transition period and the number to the

right of the / shows the number of specimens at the completion

of the test.
b Zr-2 denotes Zircaloy-2 samples. Zr-4 denotes Zircaloy-4

samples.
c a denotes ®nal heat treatments in the alpha phase with typical

equiaxed structures. b denotes a heat treatment in the beta

phase with insu�cient subsequent processing in the alpha phase

to remove the lamella structure. Test 22 has samples of both

types.
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The data at each temperature were plotted as a function

of time, as illustrated in Figs. 2±6, and analyzed with a

standard linear regression as per Eq. (2). All of the data

generated in these tests are presented in Table 2. The

data are divided into two separate groups: the data

generated in the 270°C and 288°C tests and those from

the higher temperature experiments. Thus, the data de-

veloped for each group of test temperatures are dis-

cussed separately.

3.2.1. 270°C and 288°C tests

As indicated above, only one experiment was con-

ducted at 270°C and three tests were performed at

288°C. The weight gains generated as a function of ex-

posure time for the four specimens in the 270°C test are

shown in Fig. 2 along with the linear regression line

®tted through the data. The linear rate constant �K�1��
determined from these data (0.013 mg/dm2/day) agrees

favorably with that calculated from Eq. (5) (0.011 mg/

dm2/day). Although the total exposure time at this

temperature (3000 days) is signi®cantly longer than that

of previous data, the maximum weight gain achieved

Fig. 2. Weight gain as a function of exposure time at 270°C,

test no. 1.

Fig. 3. Weight gain as a function of exposure time at 288°C,

test no. 3.

Fig. 4. Weight gain as a function of exposure time at 316°C,

test no. 5.

Fig. 5. Weight gain as a function of exposure time at 338°C,

test no. 12. Note the di�erence in long-term post-transition

corrosion behavior of one of the three specimens in this test.

Fig. 6. Weight gain as a function of exposure time at 360°C,

test no. 19.
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(60 mg/dm2) is still considered to be at the very early

stage of the post-transition kinetic region.

Fig. 3 shows the data for one of the three tests con-

ducted at 288°C. As with the other two tests at this

temperature, there is good ®t between the data and the

linear regression line. The three linear rate constants

generated in these experiments were found to be 0.031,

0.024 and 0.022 mg/dm2/day, in good agreement with

the 0.023 mg/dm2/day produced by Eq. (5).

3.2.2. 316°C, 338°C and 360°C tests

Unlike the lower temperature tests, the data gener-

ated at these elevated temperatures were found not to be

in agreement with a single linear regression line for the

entire post-transition period. Thus, the post-transition

kinetic region can no longer best be described by a single

post-transition rate constant, like that shown in Eqs. (2)

and (3). The SOLO statistical software package was used

to analyze the raw data and to generate algorithms that

produced the best ®t with the weight gain versus time

data. A series of two successive linear equations, each

active over a di�erent time range, best describe the data.

Figs. 4±6 show typical plots for the three elevated tem-

perature test results. The solid lines in each plot show

the result of the regression analysis for each set of data.

The early linear portion of the post-transition region is

designated as stage 1 and the later linear behavior stage

2. The software package automatically calculates both

the time and weight gain at the transition point between

the two linear stages. This latter transition point has

been designated as the `2nd transition' to di�erentiate it

from the earlier cubic-to-linear transition. Table 2 is a

summary of all of the data generated in these experi-

ments for both the single linear and dual linear post-

transition kinetics.

3.3. Data analyses for temperature sensitivity

From the data in Table 2, the change from stage 1 to

stage 2 linear kinetics occurs at about �400 mg/dm2.

Since the weight gains developed in the two lower tem-

perature tests have yet to achieve these values, there is

no stage 2 linear kinetic region for these exposures.

As in the earlier studies, both stage 1 and stage 2

linear rate constants appear to follow an Arrhenius-type

temperature dependence. Fig. 7 shows the natural log-

arithm of both linear rate constants plotted as a function

of the inverse of the absolute temperature. Using stan-

dard linear regression, the following parameters were

derived from Fig. 7 for the stage 1 post-transition re-

gion: Q/R� 12 880 K with the pre-exponential constant

�B� � 2:47� 108 mg/dm2/day. The corresponding values

Table 2

Summary of linear and dual linear post-transition analyses

Test no. Temp. (°C) K�1� K�2� C�2� Time tran.a W tran.b Time maxa W maxb

1 270 0.013 3000 60

2 288 0.022 9347 229

3 288 0.024 6381 163

4 288 0.031 6381 203

5 316 0.064 0.103 )22.7 6874 419 10 507 801

6 316 0.077 0.110 )23.9 6461 473 10 059 912

7 316 0.085 0.107 )28.3 5855 472 8441 839

8 316 0.092 0.200 )26.5 4251 366 7039 943

9 316 0.075 0.122 )13.6 4320 310 7039 674

10 316 0.080 0.103 )17.9 4522 342 7039 600

11 316 0.078 0.135 )15.4 4498 334 7039 725

12 338 0.200 0.271 )41.8 3134 584 6392 1665

13 360 0.364 0.487 )22.4 679 225 1568 688

14 360 0.356 0.488 )18.8 720 237 1554 651

15 360 0.362 0.496 )18.2 672 225 1560 722

16 360 0.329 0.441 )7.7 493 154 1568 663

17 360 0.438 0.715 )38.0 887 351 1568 941

18 360 0.255 0.395 )7.8 869 214 1848 647

19 360 0.376 0.444 )24.2 1184 421 2854 1265

20 360 0.354 0.412 )20.4 1292 438 2854 1169

21 360 0.339 0.440 )18.4 1256 407 2854 1246

22 360 0.407 0.556 )4.1 1009 406 2730 1485

Transition time and transition weight gain are between stage 1 and stage 2 linear kinetics, i.e., 2nd transition.
a Time, in days.
b Weight gain, in mg/dm2.
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for the stage 2 kinetic region are 11 452 K and 3:47� 107

mg/dm2/day, respectively. Thus, the stage 1 linear rate

constant as a function of temperature �dW �1�=dt� is

given by

dW �1�=dt � K�1�
� 2:47� 108 exp �ÿ12880=T � mg=dm2=day;

�6�

and the corresponding rate constant for the second-stage

linear corrosion is

dW �2�=dt � K�2�
� 3:47� 107 exp �ÿ11452=T � mg=dm2=day:

�7�

Since K�2� is always equal to or slightly greater than

K�1�, and it is assumed that the Zircaloy cladding on the

expended fuel elements will be in the post-transition

kinetic region upon disposal, the use of Eq. (7) to esti-

mate the amount of additional corrosion due to repos-

itory exposure is conservative. Eqs. (6) and (7) are

known to be valid within the database used for their

generation, which is up to approximately 114 lm of

oxide ®lm. Extrapolations beyond 114 lm ®lm thick-

nesses may include a risk of another transition to a re-

gion with faster corrosion.

3.4. In-reactor tests

Before the ®rst transition from cubic to linear ki-

netics, corrosion rates are the same in and out of reactor.

After this transition, corrosion is more rapid in reactor

than out of reactor. As discussed below, two investiga-

tions indicate that this acceleration in corrosion rate

disappears after the oxide formed in reactor is separated

from the base metal by about 30 mg/dm2 of oxide

formed out of reactor. To verify this decaying memory

e�ect, special in-reactor corrosion tests were performed

in the Advanced Test Reactor. Zircaloy-4 corrosion

coupons were initially exposed in one set of conditions

and then exposed to a di�erent set of conditions. Con-

trol coupons were exposed to the same conditions

throughout. Weight gains were periodically performed.

Fig. 8(a) shows the corrosion of a Zircaloy-4 coupon

exposed in ATR at about 270°C for 2500 days, initially

at high ¯ux with several decreases in ¯ux to one-third of

the initial ¯ux, as shown in the irradiation history pro-

vided in Fig. 8(b). Fig. 8(a) also shows the corrosion of

coupons exposed to the irradiation history of Fig. 8(c), a

nearly constant high-¯ux level that is comparable to the

average level of Fig. 8(b). As the data for the coupon

corresponding to the history of Fig. 8(b) show, the ir-

radiation ¯ux level has no e�ect on the corrosion rate

during the pre-transition period of approximately the

®rst 1000 days. However after this pre-transition period,

the corrosion rate increases beyond what would be ex-

pected for the irradiation ¯ux level during this time,

based on iso¯ux tests. In fact, the rate is higher at this

time than the nearly constant high-¯ux data of samples

irradiated with the history of Fig. 8(c). Finally, after

another 500 days, the corrosion rate has decreased to a

rate that is now less than the rate of the samples of

Fig. 8(c), even though those samples have experienced

about the same average irradiation ¯ux level. The im-

portant memory-related results of this test are that: (1)

the initial high-¯ux period during the ®rst 500 days was

not re¯ected in the corrosion rate until about 1200 days,

when the sample left the pre-transition period, and (2)

the decrease in ¯ux to below that of the ¯ux of the other

samples, just as the sample left the pre-transition period

at about 1200 days, was not re¯ected in the corrosion

rate until about 500 days later at 1700 days, after which

the corrosion rate became less than that of the other

samples. This demonstrates that decreases in neutron

irradiation ¯ux are not initially re¯ected in corrosion

rate; but after additional corrosion of 1±2 lm, corrosion

rates decrease.

This memory e�ect also is illustrated in a coupon

initially irradiated for about 100 days at a high temper-

ature 360°C and then irradiated at a low temperature

270°C. The control samples are the same ones as for the

above illustration, being irradiated at low temperature

throughout their exposure. The result is shown in

Fig. 9(a). During the �100 days at 360°C approximately

10 lm (0.4 mils) of corrosion occurred. Immediately

upon lowering temperature to 270°C and increasing ¯ux,

as shown in Fig. 9(b), the corrosion rate decreases to a

lower rate than expected for the existing corrosion

thickness, as shown in Fig. 9(a), which also shows the

corrosion rate for coupons exposed isothermally at

270°C. Approximately 1000 days at 270°C are required

before the corrosion rate of the temperature-shifted

Fig. 7. The natural logarithm of the stage 1 and stage 2 linear rate

constants as a function of the inverse absolute temperature (K).
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sample becomes similar to that of isothermally exposed

samples. During exposure at 360°C much of the irradi-

ation e�ect on the Zircaloy-4 is annealed relatively

quickly. As a result, the corrosion rate immediately fol-

lowing the temperature change to 270°C initially is more

representative of non-irradiated material than material

irradiated at 270°C. After about 1000 days at 270°C, ir-

radiation damage produces a material representative of

material irradiated isothermally at 270°C and the cor-

rosion rate also becomes the same. A similar memory

e�ect, out-of-pile, has been reported by Beie et al. [31].

4. Discussion

For the possible application of the new database to

repository disposal conditions, it is of interest to com-

pare predictions from various corrosion models for

prolonged exposure to a low-temperature environment.

Rothman [20] considered a constant temperature of

180°C for 10 000 yr. Using Rothman's exposure condi-

tions, calculations were conducted with nine di�erent

corrosion correlations reported in the literature and the

results reported here as Eqs. (6) and (7). Table 3 shows

Fig. 8. E�ect of shift in neutron ¯ux on subsequent in-pile corrosion rate.
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the results of such calculations. The prediction for

Ref. [11] model was based on the use of Eq. (5). All of

the numbers in Table 3 have been rounded.

For 10 000 yr at 180°C, Eq. (6) predicts an additional

oxide ®lm growth of �27 lm (which is identical to that

predicted by Eq. (5), whereas Eq. (7) produces an oxide

®lm thickness growth of �89 lm. There is good agree-

ment between the new stage 1 post-transition linear rate

equation (Eq. (6)) and the earlier-reported post-transi-

tion kinetics in Eq. (5). In this region of agreement the

oxide thicknesses are similar. The stage 2 oxide rates,

Eq. (7), and the amounts of oxide predicted, are signif-

icantly greater than those estimated from the literature

correlations. This is due to the literature correlations

being based on relatively thin oxides.

There have been several additional algorithms re-

ported in the literature for the oxidation of Zircaloy at

elevated temperatures. For example, Boase and Van-

dergraaf [32] show an Arrhenius-type plot of rate con-

stants compiled from various documents (some

Fig. 9. E�ect of shifts in temperature and neutron ¯ux on subsequent in-pile corrosion rate.

E. Hillner et al. / Journal of Nuclear Materials 278 (2000) 334±345 341



unpublished) with wet and dry air and steam in the

temperature range range �298±725°C. Similarly, Suzuki

and Kawasaki [33] report on the oxidation of Zircaloy in

moist air in the temperature range 350±500°C. Einziger

[34] generated an equation for Zircaloy oxidation based

upon the work of the previous two references. The re-

sults of these studies were not included in the compari-

sons of Table 3 because of di�erences in test conditions,

i.e., temperature or environment. Inclusion of these re-

ported corrosion rates would not have altered the results

of this study, despite the di�erences in test conditions.

For all conditions discussed to date, including the in-

formation presented above in Refs. [32±34], Eq. (7) of

this report produces the most-conservative estimate of

additional oxide buildup on spent Zircaloy-clad fuel

assemblies due to long-term exposure to expected geo-

logic repository conditions. These maximum corrosion

rates are due to the underlying database that includes

the thickest corrosion ®lms reported to date (up to 114

lm) at relatively low temperatures.

4.1. E�ect of prior irradiation

The predictions for the additional corrosion on the

Zircaloy cladding during repository disposal presented

above were based on isothermal autoclave testing of

non-irradiated specimens. However, it has been shown

that when Zircaloy is transferred from an aggressive

environment to one that is considerably less aggressive,

the corrosion rate may continue at the more aggressive

rate for some period of time. This behavior has been

termed the `memory' e�ect. Thus, the corrosion of

cladding that has experienced appreciable irradiation

exposure prior to disposal in a repository may be ac-

celerated, especially for the post-transition kinetic re-

gime. At the present time it is uncertain how long this

accelerated in-reactor corrosion rate will persist when

transferred to an ex-reactor corrosion environment, but

su�cient data are available to bound the e�ect.

Garzarolli et al. [16] conducted an experiment to

determine how rapidly the enhanced corrosion rate ob-

served in-reactor would decrease to that anticipated

from ex-reactor (autoclave) date. The authors found

that samples of cladding from a BWR that were irra-

diated at an estimated temperature of 290°C continued

to corrode at the irradiated rate for the ®rst ten days in

an autoclave at 280°C. In the time frame from 10 to 110

days the rate continued to decrease until, at 110 days, it

became close to that measured in autoclave testing of

non-irradiated specimens. When exposed to higher

temperatures in autoclaves (300±350°C) the specimens

were found to attain the ex-reactor rate quickly. At the

highest autoclave temperature there appeared to be no

memory e�ect of the prior irradiation exposure, i.e., the

measured corrosion rate agreed very favorably with the

ex-reactor rate from the onset of the high-temperature

post-transition autoclave exposure.

Somewhat di�erent results were obtained with spec-

imens from cladding taken from PWRs (Figs. 4-13±4-16

in Ref. [16]). In one batch of irradiated specimens tested

in autoclaves at temperatures up to 350°C, the corrosion

rate measured after the ®rst cycle of exposure in the

autoclave at 280°C was a factor of 20 greater than the

non-irradiated corrosion rate. However, this accelerated

rate decreased to a factor of 2 or less during subsequent

autoclave exposures when temperature was increased

and time was about 140 days. The test was terminated

after 260 days in the autoclave. It is not known whether

additional long-term autoclave exposure would have

resulted in the convergence of the post-irradiated and

non-irradiated corrosion rates, since neither the PWR

nor the BWR specimens being tested at 280°C continued

until convergence was achieved. At a higher autoclave

temperature (350°C) the corrosion rate for the PWR

specimens agreed very well with the expected non-irra-

diated corrosion rate after considerable times at lower

temperatures. In all cases, the e�ect of irradiation was

reduced to a factor of 2 or less on or before 110 days of

post-irradiation exposure at 280°C.

Table 3

Comparison of predictions from 10 models for the corrosion of Zircaloy after 10 000 yr at 180°C

Investigator [Ref.] B QL/R KL DW (mg/dm2) Thickness (lm)

Hillner [11] 1.12 ´ 108 12 529 1.10 ´ 10ÿ4 402 27

van der Linde [12] 2.30 ´ 109 14 451 3.25 ´ 10ÿ5 119 8.0

Dyce [13] 6.53 ´ 109 15 109 2.16 ´ 10ÿ5 79 5.3

Dalgaard [14] 1.84 ´ 107 11 222 3.23 ´ 10ÿ4 1181 79

Billot [15] 1.13 ´ 108 12 567 4.95 ´ 10ÿ5 181 12

Garzarolli [16] 1.18 ´ 109 13 815 1.02 ´ 10ÿ4 374 25

Stehle [17] 2.21 ´ 109 14 242 6.80 ´ 10ÿ5 248 17

Peters [18] 8.12 ´ 108 13 512 9.12 ´ 10ÿ5 333 22

MATPRO [19] 1.23 ´ 109 14 080 3.94 ´ 10ÿ5 143 9.6

This work, Eq. (6) 2.47 ´ 108 12 880 1.12 ´ 10ÿ4 409 27

This work, Eq. (7) 3.47 ´ 107 11 452 3.67 ´ 10ÿ4 1341 89
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Cheng et al. [35] also investigated post-irradiation

corrosion performance of Zircaloys. However, these

authors removed the in-reactor oxide ®lm and pickled

the surface on almost all of their samples before post-

irradiation autoclave exposure. The oxide was removed

because they were concentrating on determining the ef-

fect of irradiation on corrosion rates through irradia-

tion-induced dissolution of second-phase particles in the

metal. With the exception of two of the weld metal

samples, all samples post-irradiation tested at 316°C

corroded at essentially the same rate as non-irradiated

samples, despite the irradiation-induced changes in mi-

crostructure and dissolution of alloying elements into

the zirconium matrix, which Cheng et al. con®rmed.

Two of the weld metal samples post-irradiation tested at

316°C corroded at higher rates than the other samples.

This was attributed to the strong susceptibility of weld-

metal precipitates to an irradiation-induced dissolution.

There was no explanation as to why some weld metal

samples corroded at an accelerated rate and some at the

corrosion rate of non-irradiated material. However, all

base metal samples corroded at the non-irradiated rate,

not showing the memory e�ect reported by Garzarolli.

This would suggest that the memory e�ect at 316°C is

associated with the e�ect of irradiation on the oxide

®lms rather than on the base metal. This interpretation

is somewhat di�erent from that given by Cheng et al.

The modi®ed interpretation is necessary to reconcile the

post-transition corrosion observations of both Garza-

rolli and Cheng for post-irradiation testing with and

without the in-reactor oxide removed.

Cheng also post-irradiation tested the samples at

400°C and observed accelerated corrosion. For samples

with the oxide removed, the corrosion rate was initially

high but decreased with post-irradiation exposure. This

decrease in rate was associated with precipitation of al-

loying elements during post-irradiation testing, which

occurred at 400°C but not at 316°C. One sample post-

irradiation tested at 400°C with the in-reactor corrosion

®lm left on behaved di�erently from the samples post-

irradiation tested at 400°C with the in-reactor corrosion

®lms removed. The sample with the in-reactor corrosion

®lm left on initially corroded at a slow rate that was

more like the in-reactor rate than the 400°C rate, sug-

gesting that the character of the oxide initially controlled

the rate in this case. After some time, the corrosion rate

for the sample with the in-reactor oxide left on increased

to a similar rate as the post-irradiation rate of the

samples with the in-reactor oxides removed.

The testing of Garzarolli et al. and Cheng et al.

suggest that there are two post-irradiation time-depen-

dent e�ects of in-reactor irradiation on post-irradiation

corrosion rates. The ®rst e�ect is on the oxide. This e�ect

is a post-irradiation corrosion-rate acceleration that

decays relatively rapidly, at least rapidly compared to

repository times, to less than a factor of 2 of the non-

irradiated post-transition corrosion rate at 316°C and

lower. The second e�ect is on the metal. At relatively

high temperatures the alloying elements that became

supersaturated by the irradiation-induced dissolution

begin to precipitate in a unique microstructure that in-

creases the corrosion rate at 400°C. This unique micro-

structure and the associated acceleration in corrosion

rate may not occur at 316°C. Other investigators have

observed the temperature dependence on post-irradia-

tion microstructural changes at high temperatures. For

usual repository conditions the temperatures are never

high enough to induce such microstructural changes.

Therefore, the testing at 316°C and below by both Gar-

zarolli et al. and by Cheng et al., despite Cheng's re-

moval of the oxide, support the assumption that the

post-irradiation repository corrosion rates will be within

a factor of two of the non-irradiated post-transition

corrosion rates reported and modeled above.

These post-irradiation corrosion test results suggest

that it is possible for PWR Zircaloy cladding in a re-

pository to experience an enhanced corrosion rate over

that predicted from autoclave test data. An conservative

treatment is to assume that the corrosion rate at the low

repository temperatures will never converge to the pre-

irradiation rate. Applying a factor of 2 to the corrosion

rate can re¯ect this uncertainty.

5. Conclusions

Only single linear post-transition rate constants were

found for the 270°C and 288°C tests instead of the dual

linear rate constants observed in the higher temperature

experiments. Undoubtedly, the corrosion thicknesses at

these low temperatures were too thin to have reached the

2nd transition and stage 2 kinetic region. The rate

constant determined for the stage 1 post-transition

kinetic region (Eq. (6)) agrees favorably with the

much-earlier-developed rate constant for the early post-

transition period (Eq. (5)). However, extrapolation of

Eq. (5) to higher temperatures and longer exposure

times would never have predicted the 2nd transition and

onset of stage 2 kinetics. This exercise underscores the

caution that must be associated with extrapolations

beyond the limits of the database. Thus, it has been

shown that specimens with oxide ®lm thicknesses in

excess of �30 lm will corrode at an increased linear

post-transition rate compared to specimens in the post-

transition kinetic region with oxide ®lms thinner than

this value. The reason for this increased corrosion rate

for the thicker ®lms is not readily apparent.

Within a single autoclave experiment, sample-to-

sample long-term post-transition kinetics varied from

little e�ect to appreciable di�erences. Maximum devia-

tions were seen in the single test at 316°C (Fig. 4), where

one of the three specimens that had experienced the
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maximum exposure time exhibited no 2nd transition or

stage 2 kinetics, even after attaining a weight gain of

1200 mg/dm2 (�80 lm). Fig. 6 shows the data developed

in a 360°C test where a total of 57 specimens were ex-

posed for the entire post-transition period; considering

the number of specimens involved, the sample-to-sample

deviations appear minimal.

Prior exposure to irradiation will accelerate corrosion

until several microns of additional oxide thickness form.

Afterwards, the corrosion rates return to that of Zirca-

loy with no prior irradiation. For long-term exposures,

the e�ect of prior irradiation can be treated either by

adding 3 lm of oxide to that estimated from Eq. (7) or

by applying a factor of 2 to Eq. (7). The latter is more

conservative.

Application of the new corrosion correlations devel-

oped in this report to repository disposal conditions may

require the application of a factor of 2 increase in the

corrosion rate to re¯ect the uncertainty associated with

the post-irradiation corrosion behavior of irradiated

cladding.
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