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reported by ANL for ZIRLOTNI, nor have we observed any significant difference in breakaway times between
Zircaloy-4 and ZIRLOTM. 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
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independent laboratories.
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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 ZIRLOTM 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 ZIRLOTM 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 oxidation 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 ZIRLOTm specimens. Although it can be observed from
Figure I that the ANL and Westinghouse results for hydrogen pickup for bare ZIRLOTm have similar trends,
Westinghouse observed no significant difference between bare Zircaloy-4 and ZIRLOTM specimens.

Testing was also conducted on pre-filmed ZIRLOTM 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 IC (5400 second hold)
to determine a minimum time to breakaway oxidation.

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

ZIRLOTM trademark property of Westinghouse Electric Company LLC
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* Most of the ZIRLOTM 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 ZIRLOTM 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 ZIRLOTM at temperatures above

980 °C.
0 Zircaloy-4 samples were more prone to forming a gray (non-protective) oxide than ZIRLOTM 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 Z1RLOT
m 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 ZIRLOTM 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 ZIRLOTm 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 ZIRLOTM, nor have we observed any significant difference in breakaway

times between Zircaloy-4 and ZIRLOT
m. 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 filly 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.
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Figure 1
Breakaway Oxidation Tests at Columbia

Hydrogen Content versus Exposure Time at 970 OC
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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
ZIRLOTM Cladding Samples Following Exposure to High Temperature Steam

in the Temperature Range of 950 °C to 1020 OC for 90 minutes
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Table 1
Summary of Breakaway Oxidation Tests performed at Columbia

Material Condition Test Temperature Time Weight Gain [H1
(0C) (see) Sample D (mg/din 2 ) ECR (ppm)

Zircaloy-4 As-received 970 3000 Zr-4-1 688 0.097 91

ZIRLOTM  As-received 970 3000 W3SMZ8C3 7B 618 0.096 161

W3SMZ8C3 11 714 0.112 191

W3SMZ8C3 12 744 0.116 332

W3SMZ8C3 14 588 0.091 96

Pre-filmed 970 3000 W3SMZ8C3 2 661 0.102 9

W3SMZ8C3-5 679 0.105 15

W3SMZ8C3-8 657 0.102 14

4000 W3SNIF8R-20 736 0.116 76
W02UWCAW-09 790 0.122 10

5000 W02UWCAW-30 795 0.123 13
5400 W02UWCAW-01 874 0.135 56

Table 2
STC Sample Weight Gains

Temperature Time Weight. Gain
Alloy Surface Lot - Sample Test (0c) (see) (mg/dm 2)

ZIRLOTM  Pre-filmed S73-2102ZD 19 LOCA13 950 5400 678

S73-2102ZD 24 LOCA18 960 5400 696

S73-2102ZD 21 LOCAl5 970 5400 866

S73-2102ZD 25 LOCA19 980 5400 862

S73-2102ZD 22 LOCA16 990 5400 953

S73-2102ZD 23 LOCA17 1000 5400 1044

S73-2102ZD 26 LOCA20 1010 5400 1271

ZIRLOTM Bare S73-2102ZD 11 LOCA13 950 5400 723

S73-2102ZD 16 LOCAI8 960 5400 698

S73-2102ZD 13 LOCAlS 970 5400 851

S73-2102ZD 17 LOCA19 980 5400 854

S73-2102ZD 14 LOCA16 990 5400 942

S73-2102ZD 15 LOCA17 1000 5400 1096

S73-2102ZD 18 LOCA20 1010 5400 1279

Zircaloy-4 Pre-filmed F72-2493T 19 LOCA13 950 5400 806

F72-2493T 24 LOCA18 960 5400 824

F72-2493T 21 LOCAl5 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 LOCAl8 960 5400 818

F72-2493T 13 LOCAl5 970 5400 958

F72-2493T 17 LOCA19 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 [HI
Alloy Sample Surface (OC) (sec) (ppm)

ZIRLOT M  S73-2102ZD 23 Pre-filmed 1000 5400 116

Zircaloy4 F72-2493T 23 Pre-filmed 1000 5400 907
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