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Updated Westinghouse Breakaway Oxidation

Testing/Behavior

Executive Summary

This letter summarizes recent Westinghouse characterization results from high-temperature breakaway
cladding oxidation in LOCA basis testing. The impetus for this work was the results reported on the
breakaway oxidation performance of ZIRLOTM cladding material in the draft NUREG (Reference 1).

High temperature steam oxidation tests were performed on zirconium alloy fuel cladding to determine the
minimum time required to initiate the onset of breakaway oxidation. The fuel cladding material included
Zircaloy-4 and ZIRLO, and oxidation temperatures ranged from 950 'C to 1020 TC for times of 4400
seconds and 5400 seconds. Tests performed by the Westinghouse Science and Technology Department
(STD), formerly named the Science and Technology Center (STC), show that the minimum time to
breakaway for ZIRLO is greater than 5400 seconds. This time is significantly longer than the 3000
seconds reported by Argonne National Laboratory (ANL) in Reference 1. Tests performed by STD on
Zircaloy-4 cladding show breakaway oxidation occurring at 4400 seconds. This time was within the
range of 3800 seconds to 5000 seconds that was reported by ANL (Reference 1) for two types of
Zircaloy-4 cladding. Evaluation is ongoing to understand the discrepancy between the STD and ANL
studies on breakaway oxidation of ZIRLO.

The Westinghouse results on breakaway oxidation differ from similar testing at ANL. We believe that it
is important to understand the reason for these differences. The Westinghouse results are presented here
for your review.

Background

Prior studies (References 2 and 3) of steam oxidation of Zircaloy-4 identified that minimum times to
reach breakaway oxidation occurred in the vicinity of 1000 'C. The onset of breakaway oxidation is a
concern during accident conditions due to the associated rapid pickup of hydrogen and resulting
embrittlement of the cladding.

Due to the lack of breakaway oxidation test results from ZIRLO cladding, ANL performed a series of
oxidation tests in the vicinity of 1000 'C. The goal of the testing was to identify the minimum time to
reach breakaway oxidation. The temperature range of the ANL testing was 800 'C to 1015 'C with the
majority of tests performed between 970 'C and 1000 °C. The minimum breakaway oxidation time was
determined to be about 3000 seconds in the temperature range of 970 'C to 985 'C (Reference 1).

The ANL test results prompted Westinghouse to perform breakaway oxidation tests at STD for
independent determination of the breakaway oxidation time. Initial STD results for exposure times of
5400 seconds were reported last September in Reference 4. Since that time, further evaluation
(metallography and hydrogen pickup) of the 5400-second specimens was performed along with additional
oxidation runs with exposure times of 4400 seconds. The tests at STD included both ZIRLO cladding and
Zircaloy-4 cladding. The results of the STD testing are documented in this report.

ZIRLOTNI trademark property of Westinghouse Electric Company LLC
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Summary of Testing at STD

The goal of the high-temperature steam exposures was to identify the minimum time for the onset of
breakaway oxidation. The approach for identifying the minimum time was to perform high-temperature
steam oxidation tests over a temperature range associated with breakaway oxidation. The matrix of
exposures in this study included temperatures ranging from 950 'C to 1020 'C as prior testing identified
the susceptibility of Zircaloy-4 to breakaway oxidation in this range (Reference 3). The onset of
breakaway oxidation is of interest due to the rapid uptake of hydrogen and associated loss of cladding
ductility.

The testing at STD included both ZIRLO and Zircaloy-4 specimens in each oxidation run. This provided
direct comparison of the alloys by eliminating test variations that would occur by testing each alloy in a
separate oxidation run. Assessment of breakaway oxidation for all test specimens included the following

three evaluations:
* Visual appearance - breakaway oxidation can be identified by a change in the color of the oxide.

Pre-breakaway oxide is black and changes to gray oxide for Zircaloy-4 and to tan oxide for

ZIRLO. The visual exam provides a simple assessment of breakaway and allows one to identify
the sample location (e.g., inner diameter, outer diameter, or sample end) associated with

breakaway.
* Melallographic examination of the oxide - in addition to the color change, the breakaway oxide

is- also characterized by circumferential cracking of the oxide as observed in metallographic
cross-sections of the oxide. Metallography also confirmed whether the cracked oxide was
located on the inner or outer diameter of the specimen. Only specimens exhibiting breakaway

oxidation on the outer diameter (away from specimen ends) would be considered valid tests.
* Hydrogen pickup -the consequence of breakaway oxidation is the rapid pickup of hydrogen.

For the purpose of the current evaluation, Westinghouse used a hydrogen level of 200 ppm as an

indicator for the onset of breakaway oxidation. However, the presence of 200 ppm must result
from breakaway oxidation on the outer diameter surface of the specimen as confirmed by the

above visual and mnetallographic examination.

Visual Appearance

The visual appearance of the test specimens is shown in Figure 1 to Figure 3 for ZIRLO and Figure 4 to
Figure 6 for Zircaloy-4.

Most of the ZIRLO specimens exhibited black, adherent oxide over the entire surface. Tan oxide, when
present, was restricted to the ends of the specimens as shown in the figures. Due to the presence of tan

oxide on the ends of some one-inch specimnens (5400-second exposure, Figure 3), the specimen length for
the second round of testing (4400-second exposures, Figure 1 and Figure 2) was increased to two inches.
This change was implemented to minimize the impact of specimen ends on sample evaluation. There was
no significant difference in the visual appearance of the 'bare' and pre-filmed specimens.

Zircaloy-4 specimens that were tested for 4400 seconds (Figure 4 and Figure 5) were typically black.
However, a belt-polished sample exposed to 980 'C steam exhibited 'lines' of gray oxide as shown in
Figure 4. Visual examination of the Zircaloy-4 specimens exposed for 5400 seconds (Figure 6) revealed
several samples with gray oxide which is associated with breakaway oxidation. The gray or breakaway
oxide observed on Zircaloy-4 specimens was not limited to the sample ends as was previously observed
for ZIRLO.
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Metallography

Transverse cross-sections of all ZIRLO and Zircaloy-4 specimens that were exposed to high-temperature

steam were mounted and polished for examination of the oxide. The oxide on both the inner and outer
diameter of the specimen was characterized by a wavy oxide/metal interface which is typical for
specimens oxidized in the vicinity of 1000 'C. Similar interface structures were also observed in
specimens tested at ANL (Reference 1).

Despite the wavy interface, circumferential cracking of the oxide was not observed on samples with
black, adherent oxide. In contrast, cross-sections through gray or tan oxide that is indicative of
breakaway oxidation revealed the presence of circumferential cracks within the oxide. Optical
micrographs in Figure 7 show the difference between a black, adherent oxide and a breakaway oxide.
Other than the three ZIRLO samples with tan oxide at the specimen end, all ZIRLO samples exhibited
black, adherent oxide as shown in Table I and Table 2. The Zircaloy-4 samples with cracked oxide are
identified in Table 3 and Table 4.

Hydrogen Pickup

Results from hydrogen analysis of the STD specimens are tabulated in Table I to Table 4. The hydrogen

concentrations are as-measured values with no correction for initial hydrogen content or the presence of
the oxide. Corrections to the as-measured values would be small as typical as-fabricated hydrogen levels
in cladding are < 10 ppm and the oxide was only a small portion of the analyzed sample. The intent of
the hydrogen measurements was to identify the onset of breakaway oxidation by detection of high
hydrogen levels. Most of the measured values were significantly lower or higher than the 200 ppm

hydrogen threshold so small corrections to the measured values were not warranted to identify samples
exhibiting breakaway oxidation.

All of the ZIRLO samples that were exposed for 4400 seconds had very low (< 100 ppm) hydrogen
pickup (see Table 1). This low hydrogen pickup was consistent with the visual appearance of the

specimen as well as the metallographic examination of the oxide.

Two of sixteen ZIRLO specimens that were exposed for 5400 seconds had hydrogen values in excess of
200 ppm (see Table 2). A repeat hydrogen analysis was performed on these specimens and confirmed the

high hydrogen levels. Visual examination of these specimens revealed tan oxide that was present only at
the ends of the specimens. Since the tai (or breakaway) oxide formed at the geometric discontinuity of
the end, results from these samples were not included in the assessment of breakaway oxidation.

Unlike ZIRLO, two Zircaloy-4 specimens exposed for 4400 seconds exhibited high (> 200 ppm)
hydrogen pickup (see Table 3). One specimen was belt-polished (bare) and tested at 980 'C. Visual
examination of this sample revealed the presence of several 'lines' of gray oxide as shown in Figure 4.

Cracked oxide was observed in both specimens with high hydrogen.

Several Zircaloy-4 specimens exposed for 5400 seconds had high levels of hydrogen (see Table 4). The
samples exhibiting the high hydrogen also had cracked oxide. The presence of cracked oxide as listed in
Table 4 and seen in metallographic examinations is consistent with breakaway oxidation.

Discussion

The results fi-om the breakaway oxidation studies show a clear correlation between tile visual appearance

of the oxide, the metallographic appearance of the oxide, and hydrogen pickup. For both alloys included
in the study, black oxide was indicative of pre-breakaway behavior which was characterized by the
absence of oxide cracking and low hydrogen pickup. In contrast, gray or tan oxide was indicative of
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breakaway oxidation which was characterized by the presence of circumferential cracking of the oxide
and high hydrogen pickup. Based upon the evaluation of the cladding samples exposed to high
temperature steam, the minimum time to breakaway for ZIRLO and Zircaloy-4 was determined.

Breakaway Oxidation of ZIRLO

Low hydrogen pickup (< 200 ppm) was measured for all specimens that exhibit black, adherent oxides.
The few specimens with high hydrogen were all exposed for 5400 seconds and had tan (breakaway) oxide

at the end of the specimen. As previously discussed, initiation of breakaway oxidation at the end of the
sample is not representative of the breakaway oxidation behavior of the alloy as geometric discontinuities
such as sample ends are preferential sites for initiation of breakaway. The hydrogen values associated
with tan oxide at the end of the specimen are provided only for comparison to the balance of the data and

not for assessment of breakaway oxidation.

Ignoring the results associated with end effects, the hydrogen levels at 5400 seconds are slightly higher
than those at 4400 seconds but remain below the 200 ppm threshold. These results indicate that a.
breakaway time greater than 5400 seconds would represent a minimum time for the onset of breakaway
oxidation for ZIRLO. The results also provide no distinction between the breakaway oxidation time of
'bare' and pre-filmed samples. Since 5400 seconds is in excess of any relevant time associated with an
accident condition and onset of breakaway oxidation, additional testing to further refine a minimum time

is not warranted.

" Breakaway Oxidation of Zircaloy-4

There was 100% correlation between the presence of cracked (breakaway) oxide and high hydrogen
pickup for Zircaloy-4 cladding (Table 3 and Table 4). The results show that breakaway oxidation for
Zircaloy-4 occurred at an exposure time of 4400 seconds which is lower than the breakaway oxidation
time for ZIRLO. Some additional testing at shorter exposures would be required to better define the

minimum time to breakaway oxidation.

Inpact of Prefilming on Breakaway Oxidation Ti,,e

The STD results to date show no significant impact of prefilning on the minimum time to reach
breakaway oxidation. This is consistent with the ANL tests of 'bare' and prefilmed ZIRLO samples where
prefilming resulted in only a modest increase of the breakaway oxidation time. However, it should be
recognized that prefilmed samples are more representative of actual reactor operating conditions than
'bare' samples. Since prefilmed specimens are more prototypic than 'bare' specimens and may increase
the consistency of the specimen surface, it is recommended that testing of prefilned specimens continue
to be included during the development of an appropriate test protocol for breakaway oxidation.

Prior Testing at Westinghouse-Columbia Fuel Fabrication Facility

Results from breakaway oxidation testing performed at the Columbia Fuel Fabrication Facility (CFFF)
were reported in Reference 4. The tests included 'bare' ZIRLO cladding oxidized at 970 °C for 3000
seconds and pre-filned ZIRLO cladding oxidized at 970'C for times ranging from 3000 seconds to 5400
seconds. A subsequent review of the Columbia test results in light of the more extensive testing and
sample evaluation at STD suggested potential experimental set-up and sample preparation issues relative
to tile high-temperature steam oxidation of the 'bare' ZIRLO samples. Visual examination of these
specimens revealed the presence of white 'nodules' on the oxidized 'bare' ZIRLO samples; these nodules
are not characteristic of breakaway oxidation. Due to these anomalous observations, the Columbia results
from 'bare' ZIRLO are no longer included in the evaluation of breakaway oxidation. Subsequent testing
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in Columbia ofpre-filmed ZIRLO specimens showed no breakaway oxidation or increased hydrogen
pickup for exposures times of 5400 seconds; these results are consistent with the ZIRLO results from

STD.

Comparison to ANL Results

Breakaway oxidation tests were performed by ANL and have been documented in a draft report
(Reference 1). Results from ZIRLO and Zircaloy-4 cladding were extracted from the draft report and
summarized in Table 5 and Table 6, respectively.

The ANL results from ZIRLO cladding are compared to the STD results in Figure 8. The figure shows a
clear difference between ANL and STD results regarding the minimum time for breakaway oxidation.
The ANL results indicate a time of about 3000 seconds while the STD data show a time that is greater

than 5400 seconds.

A comparison of the results from Zircaloy-4 is provided in Figure 9. The results from the two
laboratories are comparable. ANL reported breakaway oxidation times of 3800 seconds and 5000
seconds for two types of Zircaloy-4 cladding (Reference 1) which bracket the 4400-second time from the
STD tests.

As noted earlier, the STD tests included ZIRLO and Zircaloy-4 samples in the same high-temperature

steam oxidation runs and showed that the ZIRLO breakaway oxidation time exceeded that for Zircaloy-4.
The STD and ANL results were very consistent for Zircaloy-4 but exhibited significant differences
between the breakaway times for ZIRLO. We believe that it is important to understand the reason for
these differences; evaluations are ongoing at ANL and STD to understand the discrepancy between the

STD and ANL studies on breakaway oxidation of ZIRLO.

Conclusions

Breakaway oxidation tests of ZIRLO and Zircaloy-4 cladding were performed by the Westinghouse Science
and Technology Department (STD), formerly named the Science and Technology Center (STC). The tests
were performed in high-temperature steam over the temperature range of 950 'C to 1020 'C with exposure
times of 4400 seconds or 5400 seconds. The tests were performed to identify the minimum time required

for the onset of breakaway oxidation which leads to the rapid pickup of hydrogen in the cladding. The
conclusions from these experiments are the following:

* Tests performed at STD included both ZIRLO and Zircaloy-4 samples in the same high-
temperature steam oxidation runs to minimize test variations between the two alloys. The
breakaway oxidation times for ZIRLO exceeded those for Zircaloy-4.

" Breakaway oxidation was identified by the following three characteristics:

o Color change of the oxide from black to tan oxide for ZIRLO and to gray oxide for
Zircaloy-4,

o Breakdown of the oxide as evidenced in metallographic oxide cross-sections by the presence

of circumferential oxide cracks, and
o High hydrogen pickup

* Using the above criteria for breakaway oxidation, the minimum time for breakaway oxidation
in ZIRLO was greater than 5400 seconds. This time was significantly longer than tile 3000
seconds reported by ANL for ZIRLO (Reference I).
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* The time to reach breakaway oxidation for Zircaloy-4 was about 4400 seconds. This time was

consistent with times of 3800 seconds and 5000 seconds reported by ANL for two types of

Zircaloy-4 (Reference 1).

Based upon the testing performed to date at Westinghouse, we have not been able to duplicate the overall

breakaway oxidation behavior reported by ANL for ZIRLO. In an attempt to understand the differences

between testing performed at Westinghouse and ANL, a meeting between ANL (Dr. Michael Billone and
Dr. Y. Yan) and Westinghouse (Dr. Robert Comstock, Dr. Rita Baranwal, Mr. Bob Buechel, and Mr.

Andrew Atwood) personnel was held on May 13, 2008 to discuss test results and to identify differences in

testing procedures, testing apparatus, and sample preparation techniques. Based on this discussion along
with other inputs, Westinghouse and ANL are undertaking an expanded test scope to examine the impact

of various test and specimen paramneters on breakaway oxidation testing. Also included in the discussion

was a preliminary comparison of oxidation kinetics between specimens oxidized in the STD and ANL

facilities that showed differences in the kinetics of ZIRLO oxidation. Additional evaluation of oxidation

kinetics should be pursued to delineate potential impacts on the differences in the breakaway oxidation

times observed at ANL and STD.

The differences in test results between ANL and Westinghouse on breakaway oxidation need to be

understood prior to setting accident criteria. We believe it would be beneficialto fully investigate this

area prior to establishing new regulations. Well-behaved test protocol with consistent and reproducible
results should be developed that provide consistent performance data for evaluation relative to criteria.
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Surface Sample Temp Wt Gain H (ppm) Comment

(°C) (mg/diM
2) #1 #2 Avg.

Bare 56 960 639 13 13 13 Black, adherent oxide
55 970 687 15 14 14 Black, adherent oxide
63 980 782 16 17 17 Black, adherent oxide

54 990 890 16 14 15 Black, adherent oxide
52 1000 962 68 71 69 Black, adherent oxide

53 1010 1140 27 27 27 Black, adherent oxide

Pre-film 61 960 651 15 13 14 Black, adherent oxide

62 970 703 11 12 11 Black, adherent oxide
72 980 833 20 16 18 Black, adherent oxide

58 990 849 13 14 13 Black, adherent oxide
59 1000 994 13 13 13 Black, adherent oxide

60 1010 1066 20 22 21 Black, adherent oxide

Table 1: High-temperature steam results from ZIRLO exposed for 4400 seconds.

Surface Sample Temp Wt Gain H (ppm) Comment

(°C) (mg/diM
2) #1 #2 Avg.

Bare 11 950 723 24 22 23 Black, adherent oxide
16 960 698 18 21 19 Black, adherent oxide
13 970 851 33 24 28 Black, adherent oxide

17 980 854 304 315 309 Tan oxide on end
272 276 274

14 990 942 23 26 25 Black, adherent oxide

15 1000 1096 629 882 761 Tan oxide on end
468 449 458

18 1010 1279 127 155 141 Tan oxide on end

31 1020 1321 74 68 71 Black, adherent oxide
Pre-film 19 950 678 16 18 17 Black, adherent oxide

24 960 696 21 28 25 Black, adherent oxide

21 970 866 13 14 14 Black, adherent oxide

25 980 862 49 48 49 Black, adherent oxide
22 990 953 17 17 17 Black, adherent oxide

23 1000 1044 179 52 116 Black, adherent oxide
26 1010 1271 74 62 68 Black, adherent oxide
27 1020 1402 65 64 65 Black, adherent oxide

Table 2: High-temperature steam results from ZIRLO exposed for 5400 seconds.
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Surface Sample Temp Wt Gain H (ppm) Comment

(oC) (mg/diM2 ) #1 #2 Avg.

Bare 56 960 711 14 15 15 Black, adherent oxide

55 970 788 13 14 14 Black, adherent oxide

63 980 981 737 871 804 Cracked oxide
54 990 1008 26 28 27 Black, adherent oxide

52 1000 1174 45 42 43 Black, adherent oxide
53 1010 1455 22 22 22 Black, adherent oxide

Pre-film 61 960 728 17 17 17 Black, adherent oxide
62 970 838 16 16 16 Black, adherent oxide
72 980 698 41 35 38 Black, adherent oxide

58 .990 1034 31 28 30 Black, adherent oxide
59 1000 .1340 35 110 73 Black, adherent oxide

60 1010 1302 223 271 247 Cracked oxide

Table 3: High-temperature steam results from Zircaloy-4 exposed for 4400 seconds.

Surface Sample Temp Wt Gain H (ppm) Comment

(-C) (mg/din2) #1 #2 Avg.
Bare II 950 912 514 483 498 Cracked oxide

16 960 818 60 43 51 Black, adherent oxide

13 970 958 59 49 54 Black, adherent oxide
17 980 968 39 44 42 Black, adherent oxide

14 990 1311 736 886 811 Cracked oxide
15 1000 1640 1055 1081 1068 Cracked oxide

18 1010 1884 1146 1087 1117 Cracked oxide
31 1020 1675 27 30 29 Black, adherent oxide

Pre-film 19 950 806 18 18 18 Black, adherent oxide
24 960 824 27 24 25 Black, adherent oxide

21 970 979 50 52 51 Black, adherent oxide

25 980 1269 229 379 304 Cracked oxide
22 990 1488 2040 2099 2070 Cracked oxide

23 1000 1742 506 1304 905 Cracked oxide

26 1010 2007 1674 1694 1684 Cracked oxide

27 1020 1745 26 25 26 Black, adherent oxide

Table 4: High-temperature steam results from Zircaloy-4 exposed for 5400 seconds.
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ZIRLO Surface Temp Time Weight Gain H (ppm) Table No.
Lot (°C) (sec) (mg/dm2) (Ref. 1)

2006 Bare 1015 4000 1510 30 29

2006 Bare 1000 1500 868 15 29

2003 Bare 1000 2440 1080 36 29

2003 Bare 1000 3480 1170 102 29

2006 Bare 1000 3600 1140 68 29

2006 Bare 1000 4000 1260 131 29

2006 Bare 1000 4200 1430 608 29

2006 Bare 1000 5000 1690 1246 29

2006 Bare 985 3400 960 46 29

2006 Bare 985 3600 1000 267 29

2006 Bare 985 4000 1180 847 29

2006 Bare 970 3000 810 199 29

2006 Bare 970 3400 860 565 29

2006 Bare 950 3000 680 31 29

2006 Bare 800 4000 262 14 29

- Bare 975 3000 901 39 37

- Bare 975 3500 865 108 37

- Bare 980 3000 1180 352 37

- Bare 985 3000 910 104 37

- Bare 985 3400 943 303 37

- Pre-filmed 985 3000 900 59 37

- Pre-filmed 985 3400 928 259 37

- Pre-filrned 985 4000 1190 1070 37

- Pre-filmed 980 3200 867 125 37

- Pre-filned 980 3200 884 101 37

Table 5: ANL breakaway oxidation results on ZIRLO cladding
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Test ID Surface Temp Time Weight Gain H (ppm) Table No.
(°C) (sec) (mg/dm 2) (Ref. 1)

HBRU#93 Bare 984 159 282 18

HBRU#90 Bare 984 1500 785 - 18

HBRU#84 Bare 984 3600 1070 57 18

HBRU#95 Bare 984 3800 1060 61 18

HBRU#88 Bare 984 3800 1070 42 18

HBRU#92 Bare 984 3900 1640 1260 18

HBRU#91 Bare 984 4000 1620 1723 18

HBRU#87 Bare 984 4500 1640 1581 18

HBRU#81 Bare 984 5400 2220 2111 18

HBRU#82 Bare 984 7200 2880 2769 18

BPZ4#16 Bare 986 135 285 - 19

BPZ4#15 Bare 986 1500 807 - 19

BPZ4#10 Bare 986 3600 1080 20 19

BPZ4#18 Bare 986 5000 1260 286 19

BPZ4#13 Bare 986 5400 1210 411 19,

BPZ4#12 Bare 986 7200 1870 1798 19

BPZ4#30 Bare 986 4000 1160 18 20

BPZ4#31 Bare 986 4500 1280 18 20

BPZ4#33 Bare 986 5000 1220 18 20

BPZ4#34 Bare 986 5400 1170 19 20

BPZ4#38 Bare 1000 5400 1460 18 20

BPZ4#41 Bare 1014 5400 1530 19 20

Table 6: ANL breakaway oxidation results on Zircaloy-4 cladding
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- Tan oxide

Figure 1: Belt-polished (bare) ZIRLO cladding specimens following high-temperature steam exposures
of 4400 seconds. Tan oxide is due to tubing end effect.
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Figure 2: Pre-filned ZIRLO cladding specimens following high-temperature steam exposures of 4400
seconids.

ZIRLO

filmed) ____

I 990,C. 000"C
90 min. 90 min

Figure 3: ZIRLO cladding specimens following high temperature steam exposures of 5400 seconds.
Arrows point to the presence of tan oxide. (Sample 23 was destructively examined prior to
photographing specimens.)

Page 13 of 18



LTR-NRC-08-29 NP-Attachment

Figure 4: Belt-polished (bare) Zircaloy-4 cladding specimens following exposure to high temperature
steam for 4400 seconds. Arrows point to 'lines' of gray oxide.
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Figure 5: Pre-filmed Zircaloy-4 cladding specimens following exposure to high-temperature steam for
4400 seconds.
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LTR-NRC-08-29 NP-Attachment

Zircaloy-4
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Figure 6: Zircaloy-4 cladding specimens following high temperature steam exposures of 5400 seconds.
(Samples 24 and 23 were destructively examined prior to photographing specimens.)

6circunifrential
cracked oxide

200 ltm 200 ltm

Figure 7 Optical micrographs of oxides formed during 4400-second exposure to 1010TC
steam. a) 'bare' ZIRLO with black, adherent oxide and no circumferential cracks and
b) pre-filmed Zircaloy-4 with breakaway oxide and circumferential cracks.
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Figure 8: Comparison of Westinghouse STD
cladding.

and ANL breakaway oxidation results for ZIRLO
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- -200 ppm limit

A W STD (bare)

0 W STD (prefilm)

A ANL (bare)

I -

- - r I -

A A A

A

IA

F A

L A

L h

A

L

0 1000 2000 3000 4000 5000 6000 7000 8000

Time (sec)

Comparison of Westinghouse STD and ANL breakaway oxidation results for Zircaloy-4
claddin g.
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