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Enclosed is a copy of the Non-Proprietary Westinghouse Breakaway Oxidation Testing/Behavior results for
information purposes. This letter summarizes Westinghouse testing performed to characterize high temperature
breakaway cladding oxidation in LOCA basis testing. The impetus for this work was the draft NUREG and the
results reported on the breakaway performance of ZIRLO™ High Performance Fuel Cladding Material. The
Westinghouse results on breakaway oxidation from two facilities (i.e., Science and Technology Center in Pittsburgh,
PA and Columbia Manufacturing Facility in Columbia, SC) differ from similar testing at Argonne National

* Laboratory. We believe that it is important to understand the reason for these differences. Based upon the testing
pertormed to date at Westinghouse, we have not been able to duplicate the overall breakaway oxidation behavior
reported by ANL for ZIRLO™,_ nor have we observed any significant difference in breakaway times between
Zircaloy-4 and ZIRLO™. The differences in test results between ANL and Westinghouse facilities on breakaway
oxidation need to be evaluated prior to setting accident criteria. Well behaved test protocol with consistent and
reproducible results should be developed that provide consistent performance criteria based on test results from
independent laboratories.

Correspondence with respect to the letter should be addressed to J. A. Gresham, Manager, Regulatory Compliance
and Plant Licensing, Westinghouse Electric Company LLC, P.O. Box 3535, Pittsburgh, Pennsylvania 15230-0355.

Very truly yours,
6 ot

. A. Gresham, Manager
Regulatory Compliance and Plant Licensing
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COPYRIGHT NOTICE

The reports transmitted herewith each bear a Westinghouse copyright notice. The NRC is permitted to make the
number of copies of the information contained in these reports which are necessary for its internal use in connection
with generic and plant-specific reviews and approvals as well as the issuance, denial, amendment, transfer, renewal,
" modification, suspension, revocation, or violation of a license, permit, order, or regulation subject to the
requirements of 10 CFR 2.390 regarding restrictions on public disclosure to the extent such information has been
identified as proprietary by Westinghouse, copyright protection notwithstanding. With respect to the
non-proprietary versions of these reports, the NRC is permitted to make the number of copies beyond those
necessary for its internal use which are necessary in order to have one copy available for public viewing in the
appropriate docket files in the public document room in Washington, DC and in local public document rooms as
may be required by NRC regulations if the number of copies submitted is insufficient for this purpose. Copies made
by the NRC must include the copyright notice in all instances and the proprietary notice if the original was identified
as proprietary.



Westinghouse Non-Proprietary Class 3 LTR-NRC-07-52 NP-Attachment

Westinghouse Breakaway Oxidation
Testing/Behavior
(Non-Proprietary)

September, 2007

Westinghouse Electric Company
P.O. Box 355
Pittsburgh, Pennsylvania 15230-0355

© 2007 Westinghouse Electric Company LLC
All Rights Reserved

Page 1 of 8



Westinghouse Non-Proprietary Class 3 LTR-NRC-07-52 NP-Attachment

Westinghouse Breakaway Oxidation
Testing/Behavior

Executive Summary

This letter summarizes Westinghouse testing performed to characterize high temperature breakaway cladding
oxidation in LOCA basis testing. The impetus for this work was the draft NUREG, Reference 1 and the results
reported on the breakaway performance of ZIRLO™ High Performance Fuel Cladding Material. To perform LOCA
simulation testing, Westinghouse has constructed apparatus at two locations. The first is at the Science and
Technology Center (STC) in Pittsburgh, PA. The second is at the fuel manufacturing plant in Columbia, SC. These
two different apparatus have been able to obtain similar results, and both have been able to duplicate the results of
outside laboratories with regard to replicating Hobson’s Ring Compression Test (RCT) results on post oxidation test
Zircaloy-4 samples (Reference 2).

Both ZIRLO™ and Zircaloy-4 cladding has been tested for breakaway oxidation behavior over the temperature
range from 950 °C to 1020 °C. Both bare and pre-filmed cladding specimens were tested.

The Westinghouse results on breakaway oxtdation from the two facilities at STC and Columbia differ from similar
testing at Argonne National Laboratory (ANL). We believe that it is important to understand the reason for these
differences. These results are presented here for your review.

Summary of Testing at Columbia

Figure 1 and Table 1 present the Westinghouse data on breakaway oxidation testing performed at Columbia.
Figure 1 also has plotted for comparison ANL data on bare ZIRLO™ specimens. Although it can be observed from
Figure 1 that the ANL and Westinghouse results for hydrogen pickup for bare ZIRLO™ have similar trends,
Westinghouse observed no significant difference between bare Zircaloy-4 and ZIRL.O™ specimens.

Testing was also conducted on pre-filmed ZIRLLO™ specimens. Here there is no indication of breakaway oxidation
with color change or increased hydrogen pickup out to 5400 seconds. The pre-filming is performed to simulate the
oxide layer that would be present after the time in cycle where decay heat has built up to the level at which a small
break LOCA could uncover the parts of the core for extended periods.

Summary of Testing at STC
Recognizing that there might be differences in the actual temperature between ANL and Columbia facility, the STC
facility conducted long term oxidation testing over a temperature range from 950 °C to 1020 °C (5400 second hold)

to determine a minimum time to breakaway oxidation.

The samples were nominally one inch long and included Zircaloy-4 and ZIRLO™, both in the as-received and pre-
filmed condition. The results of the testing provide the following observations:

ZIRLO™ trademark property of Westinghouse Electric Company LLC
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. Most of the ZIRLO™ samples exhibited black adherent oxide over the entire sample.

. Tan oxide (when present) was associated with the ends of the samples and is not interpreted as the onset of
breakaway oxidation. The tan oxide formed at the geometrical discontinuity of the cut end.

° Pre-filmed ZIRLO™ samples (360 °C/72 hours) exhibited less tan oxide at the ends but were not immune
from formation of tan oxide.

. The Zircaloy-4 samples exhibited significantly higher weight gains than ZIRLO™ at temperatures above
980 °C.

o Zircaloy-4 samples were more prone to forming a gray (non-protective) oxide than ZIRLO™ were to
forming a tan (non-protective) oxide.

. The temperature associated with the largest amount of tan/gray oxide was 1000 °C suggesting that this

temperature would be associated with a minimum time to breakaway oxidation. (The temperature was
measured by a thermocouple inside a thermowell and may be higher than the actual sample temperature.)

A sample of the STC data is presented in Table 2 and Figures 2 and 3. Photographs of the ZIRLO™ samples are
shown in Figure 4. As can be seen in the photographs, the majority of samples (both as-received and pre-filmed)
exhibited black, adherent oxide. Tan oxide is restricted to the sample ends and is believed to be caused by the
discontinuity of the cut end and is not representative of the breakaway behavior of the alloy.

Hydrogen analysis was performed on two samples that included one ZIRLO™ sample missing from Figure 4 and a
pre-filmed Zircaloy-4 sample. The results are tabulated in Table 3. Both samples were simultaneously tested in the
same 1000 °C steam test. The low hydrogen values (<200 ppm) from ZIRLO™ are consistent with the presence of
black oxide while the higher values on Zircaloy-4 are consistent with the presence of gray oxide which is indicative
of breakaway oxidation.

Conclusion

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™, nor have we observed any significant difference in breakaway
times between Zircaloy-4 and ZIRLO™. In an attempt to understand the differences between testing performed at
Westinghouse and ANL, a meeting between Dr. Michael Billone (ANL) and Dr. Robert Comstock (Westinghouse)
was held to discuss test results and to identify differences in testing procedure. Based on this discussion along with
other inputs, Westinghouse is undertaking an expanded test scope to examine the impact of various test and
specimen parameters on breakaway oxidation testing.

The differences in test results between ANL and Westinghouse facilities on breakaway oxidation need to be
evaluated prior to setting accident criteria. We recommend that the impact of possible steam starvation, sample
preparation, sample length and localized temperature/stress variations on breakaway susceptibility be evaluated. We
believe it would be beneficial to fully investigate this area prior to promulgating new regulations. Well behaved test
protocol with consistent and reproducible results should be developed that provide consistent performance criteria
based on test results from independent laboratories.

References:
1. Cladding Embrittlement during Postulated Loss of- Coolant Accidents, January 9, 2007 DRAFT NUREG.
2. W.J. Leech, “Ductility Testing of Zircaloy-4 and ZIRLO Cladding after High Temperature Oxidation in

Steam,” Proceedings of the Topical Meeting on LOCA Fuel Safety Criteria (Aix-en-Provence, 22-23
March 2001), OECD Report NEA/CSNI/R(2001)18, pg. 135-143.
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Figure 1
Breakaway Oxidation Tests at Columbia
Hydrogen Content versus Exposure Time at 970 °C
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Figure 2
Westinghouse STC Weight Gains versus Test Temperature
for As-received Samples Tested for 5400 seconds
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Figure 3
Westinghouse STC Weight Gain versus Test Temperature
for Pre-filmed Samples Tested for 5400 seconds
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Figure 4
ZIRLO™ (Cladding Samples Following Exposure to High Temperature Steam
in the Temperature Range of 950 °C to 1020 °C for 90 minutes
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Table 1
Summary of Breakaway Oxidation Tests performed at Columbia

Material Condition Test Te(r;JCp)erature {;::; Sample ID “::'gg%::%m ECR (J::L )
Zircaloy-4 | As-received 970 3000 |Zr-4-1 688 0.097 91
ZIRLO™ | As-received 970 3000 |W3SMZS8C37B 618 0.096 161

W3SMZS8C3 11 714 0.112 191
W3SMZSC3 12 744 0.116 332
W3ISMZS8C3 14 588 0.091 96
Pre-filmed 970 3000 |W3SMZSC32 661 0.102 9
W3SMZ38C3-5 679 0.105 15
W3SMZ8C3-8 657 0.102 14
4000 |W3SN1F8R-20 736 0.116 76
WO2UWCAW-09 790 0.122 10
5000 |WO2UWCAW-30 795 0.123 13
5400 |WO2UWCAW-01 874 0.135 56
Table 2
STC Sample Weight Gains
Alloy Surface Lot - Sample Test Temg’ecr;nure }::;; w:':lggh,:l'l:;f;m
ZIRLO™ Pre-filmed ([S73-2102ZD 19 LOCAIL3 950 5400 678
$73-2102ZD 24 LOCA18 960 5400 696
$73-2102ZD 21 LOCAI1S 970 5400 866
§73-2102ZD 25 LOCA19 980 5400 862
$73-2102ZD 22 LOCA16 990 5400 953
$73-2102ZD 23 LOCA17 1000 5400 1044
$73-2102ZD 26 LOCA20 1010 5400 1271
ZIRLO™ Bare §73-2102ZD 11 LOCA13 950 5400 723
$73-2102ZD 16 LOCA18 960 5400 698
§73-2102ZD 13 LOCAIS 970 - 5400 851
$73-2102ZD 17 LOCA19 980 5400 854
$73-2102ZD 14 LOCAI16 990 5400 942
§73-2102ZD 15 LOCA17 1000 5400 1096
§$73-2102ZD 18 LOCA20 1010 5400 1279
Zircaloy4 Pre-filmed |F72-2493T 19 LOCA13 950 5400 806
F72-2493T 24 LOCAIS8 960 5400 824
F72-2493T 21 LOCAI1S 970 5400 979
F72-2493T 25 LOCA19 980 5400 1269
F72-2493T 22 LOCA16 990 5400 1488
F72-2493T 23 LOCA17 1000 5400 1742
F72-2493T 26 LOCA20 1010 5400 2007
Zircaloy-4 Bare F72-2493T 11 LOCA13 950 5400 912
F72-2493T 16 LOCA18 960 5400 818
F72-2493T 13 LOCAIS 970 5400 958
F72-2493T 17 LOCAI19 980 5400 968
F72-2493T 14 LOCA16 990 5400 1311
F72-2493T 15 LOCA17 1000 5400 1640
F72-2493T 18 LOCA20 1010 5400 1884
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Table 3
STC Hydrogen Results
on Samples Oxidized in High Temperature Steam

Temperature| Time [H]

Alloy Sample Surface ©C) (sec) (ppm)
ZIRLO™ §73-2102ZD 23 Pre-filmed 1000 5400 116
Zircaloy-4 F72-2493T 23 Pre-filmed 1000 5400 907
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