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The United States Nuclear Regulatory Commission (NRG) provided a request for 

additional information (RAI) regarding the topical report BAW-10227P, Revision 2 

(Reference 1) in Reference 2. 

A total of 10 questions were received from the NRG in Reference 2. Questions 1, 2, 4, 

5, and 6 were addressed in Reference 3. The following sections provide the responses 

to the NRG questions 7, 8, 9, and 10. 

Question 3 will be responded to at a later date. 
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1.0 RAI 7 

QUESTION: 

Section 13.3, "Analytical Limits - 10 CFR 50.46," discusses the applicability of the 10 

CFR 50.46, "Acceptance Criteria for Emergency Core Colling Systems for Light Water 

Nuclear Power Reactors," criteria to M5 cladding. The topical requests bumup ranges 

which are higher than current industry ranges. While there is no explicit bumup limit 

within 10 CFR 50.46, the post-quench ductility criteria have not been explicrtly justified 

in these ranges. Specifically, the findings in NUREG/CR-6967, "Cladding Embrittlement 

during Postulated Loss-of-Coolant Accidents," NUREG/CR-7219, "Cladding Behavior 

during Postulated Loss-of-Coolant Accidents," and draft Regulatory Guide 1.224, 

"Establishing Analytical Limits for Zirconium-Alloy Cladding Material" identified 

bumup-related cladding degradation phenomena. The research also identified 

breakaway oxidation as a cladding degradation phenomenon. Discuss how post-quench 

ductility is assured for M5 cladding for the bumup range requested considering these 

research findings. 
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In support of modifications to the existing 10 CFR 50.46 regulation, the NRC performed 

a formalized fuel cladding research program to investigate the behavior of high-bumup 

fuel cladding under accident conditions. The research studied the effects of both alloy 

composition and fuel burnup on cladding embrittlement (e.g., loss of ductility) and was 

summarized in Reference 4 and Reference 5. 10 CFR 50.46 contains two criteria 

related to post-quench ductility (PQD): peak clad temperature (PCT) and maximum 

cladding oxidation. The maximum cladding oxidation crrterion is a limrt on ''total 

oxidation." NRC Information Notice 1998-29 stated that total oxidation includes both 

· pre-transient oxidation, i.e. corrosion, and oxidation during the LOCA. The pre-transient. 

oxidation serves as a surrogate for burnup-related cladding degradation.' The research 

associated wrth 10.CFR 50.46c demonstrated that burnup effects on embrittlement are 

largely due to hydrogen that is absorbed .in the cladding during the normal operation 

corrosion. It does so primarily by enhancing oxygen drffusio~ and solubility in the metal 
' -

at high temperature LOCA condrtions. The research also investigated the potential 

embrittlement of the cladding from breakaway oxidation. The findings were included in 

the modified regulatioh, 10 CFR 50.46c, and three supporting regul.atory guides (RG), 

RG 1.222, 1.223, and 1.224. These have not yet been. approved and remain in draft 

form. 
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Hydrogen Enhanced Embrittlement and Equivalent Cladding Reacted (ECR) Umits 

The NRC provided a hydrogen based ductility limit on transient oxidation in draft 

RG 1.224 (Reference 6): 

''The analytical limits defined in Figure 2 are acceptable for the zirconium­

alloy cladding materials tested in the NRC's LOCA research program, 

which were Zircaloy-2, Zircaloy-4, ZIRLO®, and M5® ... Licensees using 

these alloys may accept this analytical limit without further testing, 

provided that the test conditions used in the NRC's LOCA research 

-program are relevant to the calculated ECCS performance and provided 

that local oxidation is calculated using the Cathcart-Pawel (CP) 

correlation." 

The technical basis behind the limit is well supported. The test conditions used in the 

NRC's research program are relevant to current light-water reactor ECCSs associated 

with the applicable evaluation models (EM)' of this topical report. [ 

] 
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10 CFR 50.46c has not been finalized and therefore any NRG-approved EM or licensee 

application must still adhere to the requirements of 10 CFR 50.46. Section 13.1 of 

Reference 1 provided more up to date and rigorous testing data to reinforce the 

BAW-10227P-A, Revision 1 conclusion that 10 CFR 50.46 is applicable to M5Framatome 

cladding. [ 

] 

10 CFR 50.46 uses total oxidation whereas the hydrogen-based limit uses transient 

oxidation only. The 10 CFR 50.46 limit is converted to an effective limit on transient 

oxidation by: 

[ 

10 CFR 50.46 Effective Transient Oxidation Limit = 17% BJ-ECR - Pre-transient 

Oxidation 

] 
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Table 1-1 provides the% CP-ECR values from the limit in Figure 1-1 for several 

different pre-transient hydrogen values. Using the associated PCT from the figure, the 

CP-ECR values are converted to the equivalent ECR values for the Baker-Just (BJ) 

correlation. The highest measured hydrogen concentration in the GALILEO validation 

database for hydriding is [ ] which is for a rod with an average burnup of 

[ ] Even up to a hydrogen concentration of [ 

] Thus, 10 

CFR 50.46 remains conservative up to [ 

] 

Breakaway Oxidation 

The typical oxidation reaction during a LOCA associated with the ECR criterion is an 

oxygen diffusion process with almost no hydrogen absorption; the kinetics can be 

described by parabolic or cubic rate laws. Breakaway oxidation is associated with the 

formation of a non-protective oxide layer which leads to a rapid increase of the oxidation 

rate and an associated significant ingress of hydrogen in the cladding. Minimum times 

to the onset of breakaway oxidation typically occur around 1000°G and, with low enough 

onset times, could occur prior to reaching the ECR criterion. It is typically considered to 

be more relevant to the conditions of small break LOCA that can have a longer 

time-at-temperatl,lre than larger breaks. To address the phenqmenon, the NRG 

proposed to add a requirement for an analytical time limit. The limit was to be 

established via cladding-specific testing and confirmed with a periodic testing to show 

that slight composition changes or manufacturing changes had not inadvertently 

impacted the cladding's susceptibility to early breakaway oxidation. 
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Extensive industry-wide research conducted on this topic to date has shown that the 

susceptibility to breakaway oxidation is mainly influenced by alloy ingot preparation and 

cladding surface condition. In particular, the use of the electrolytic process, which 

Framatome does not use, has been shown to have a strong correlation to early 

breakaway oxidation. The final surface finishing processing, particularly operations that 

introduce fluorine, has also been attributed to noticeable performance changes. 

Published results, including those from the NRC research programs, have consistently 

shown that M5Framatome cladding is extremely resistant to the breakaway oxidation 

phenomena. It has times well in excess of typical SBLOCA times around a critical 

temperature of 1000°C. The NRC research in Reference 4 and Reference 5 both 

demonstrated no breakaway oxidation for the duration of the tests (4100 sec, 5000 sec). 

Numerous industry publications have confirmed times well above 5000 seconds under 

various different testing protocols (References 7, 8, and 9). In Reference 10 Framatome 

presented a new device and testing framework at the cladding tube fabrication facility in 

Paimboouf, France. It was developed in accordance with the recommendations of the 

draft Regulatory Guide 1.222 (Reference 11) and again showed times above 5000 

seconds at 1000°C for M5Framatome cladding. 
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The testing at Paimbceuf has been fully qualmed and utilized in further studies to assess 

the timing and to better understand the breakaway oxidation phenomena. 

Corresponding tests performed at CEA validated the testing protocol and results 

achieved by Framatome. [ 

] In addition to the primary 

significance with respect to the time-at-temperature ran£1e for SBLOCAs, [ 

] Therefore, it is 

concluded that the ECR limit is the bounding criterion for M5~ramatome cladding and no 

analytical limit for breakaway oxidation is needed. 
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Industry-wide research and modeling will continue to provide insights into the underlying 

mechanisms, and microstructural evolution during the transition to breakaway oxidation, 

but the state-of-knowledge is sufficient to understand the types of manufacturing 

changes that would have a significant detrimental impact. Changes in fuel design are 

subject to design control, including changes to the manufacturing process for fuel 

assembly materials such as cladding. The manufacturing processing steps for 

M5Framatome tubing and sheets are shown at a high level in Figure 5-1 of Reference 1. 

As an example, a change to the final cladding surface treatment pro~s is considered 
1· 

a major change. For this magnitude bf change, a qualification with US review and 

approval, is required. The qualification must be completed before production can be 

launched, and once launched, all manufacturing process steps must be followed 

according to the governing cladding manufacturing plan. The qualification process 

ensures the use of a well-defined and controlled process that meets the requirement of 

Framatome's Quality Management System and as a result, ensures that changes which 

would result in significant detriments to the onset of breakaway oxidation are avoided. 

Thus, Framatome's robust design control process in combination with the significantly 

large and consistently-demonstrated breakaway oxidation resistance of M5Framatome 

cladding, periodic testing is not necessary. 

Summary of Conclusions 

The overall applicability of 10 CFR 50.46 is provided in Section 13..3 of Reference 1. 

This RAI response confirms the conservatism for M5Framatorne cladding up to [ 

] 

1. The limit presented in Figure 1 is appropriate for use with M5Framatome cladding 
when the LOCA methods transition tq a hydrogen-based ECR criterion. 

2. M5Framatome cladding will not undergo breakaway oxidation during the duration of 
a LOCA, and the ECR limit is _bounding of the phenomena. Neither a specific 
breakaway oxidation analytical limit nor periodic testing is necessary. 

3. For applications that do not use a hydrogen-based limit, the cladding 
embrittlement limits as provided in 10 CFR 50.46 are applicable for M5Framatome 
cladding. 
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Table 1-1: Transient Oxidation Limit for Various Pre-transient 
Hydrogen Contents 

H,wppm %CP-ECR PCT (°F} %BJ-ECR 

0 18.0 2200 23.5 

100 15.0 2200 19.6 

150 13.5 2200 17.6 

200 12.0 2200 15.7 
, 

300 9.0 2200 11.7 

400 6.0 2200 7.8 

600 4.0 2050 4.9 

800 2.0 2050 2.5 
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Figure 1-1: Cathcart-Pawel Transient Oxidation Limit for M5Framatome 
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2.0 RAI 8 

QUESTION: 

The fast temperature ramp rate rupture strain curve (25 °C/s) shown in Figure 13-4 of 

BAW-10227P, Revision 2, includes a proposed modification over part of its range in an 

attempt to encompass some of the new data. However, the NRC staff observed that 

[ 

] 

Please provide the following information necessary for the staff to evaluate whether the 

requirements of 10 CFR 50.46 and Appendix K to 10 CFR 50 remain satisfied: 

a. Wrth respect to Framatome's small-break LOCA evaluation model, Appendix K to 

10 CFR 50 requires that the "degree of swelling and incidence of rupture are not 

underestimated." Please justify that the fast ramp rate rupture strain curves 

satisfy the requirements expressed in Appendix K or propose modified curves 

that satisfy these requirements. 

b. With respect to Framatome's Realistic Large Break LOCA evaluation model, 

best-estimate modeling approaches must explicitly consider uncertainties to 

ensure a high level of probability that the acceptance criteria set forth in 10 CFR 

50.46 would not be exceeded. Please justify that the fast ramp rate rupture strain 

curves would adequately encompass the applicable uncertainty range or propose 

modified curves or associated methodological adaptations sufficient to satisfy 

regulatory requirements. 

RESPONSE: 

See response in Section 4 of this document. • 
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3.0 RAI 9 

QUESTION: 

Framatome did not propose a revision to the slow temperature ramp rate rupture strain 

curve, and Revision 2 to BAW-10227P does not depict this curve relative to the full set 

of presently available data. However, during an audit conducted during August 3-6, 

2020, the NRC staff made two observations concerning the level of agreement between 

the slow ramp rate curve and the new data viewed during the audit. 

p'Iease provide the following information necessary for the staff to evaluate whether the 

requirements of 10 CFR 50.46 and Appendix K to 10 CFR 50 remain satisfied: 

a. Please provide a plot depicting the slow ramp rate rupture strain curve along with 

the full set of available slow ramp rate test data, similar to that provided for the 

fast ramp rate curve and data in Figure 13-4 of BAW-10227P, Revision 2. 

b. With respect to Framatome's small-break LOCA evaluation model, Appendix K to 

10 CFR 50 requires that the "degree of swelling and incidence of rupture are not 

underestimated." Please justify that the slow ramp rate rupture strain curves 

_ satisfy the requirements expressed in Appendix :K or propose modified curves 

that satisfy these requirements. 
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c. Wrth respect to Framatome's Realistic Large Break LOCA evaluation model, 

best-estimate modeling approaches must explicitly consider uncertainties to 

ensure a high level of probability that the acceptance criteria set forth in 

10 CFR 50.46 would not be exceeded. Please justify that the slow ramp rate 

rupture strain curves would adequately encompass the applicable uncertainty 

range or propose modffied curves or associated methodological adaptations 

sufficient to satisfy regulatory requirements. 

RESPONSE: 

See response in Section 4 of this document. 
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4.0 RAI 10 

QUESTION: 

[ 

] The rupture strain 

curves in NUREG-0630 were established using a combination of empirical test data and 

physical insights. While the curves shown in Figures 6 and 7 of NUREG-0630 pass 

under a limited fraction of datapoints, issues with specific test protocols used to 

generate the excluded datapoints or physical insights are typically cited to justify 

excluded points. 

Please clarify whether a physical basis exists [ 

1 

RESPONSE: 

[ 

1 
Accordingly, all three RAls will be addressed together. 
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In general, testing used to derive swelling and rupture models does not have a 

one-to-one correlation to the analyzed LOGA event, and the process to derive a 

representative model for the overall swelling and rupture phenomena is not trivial. The 

M5Framatome Swelling and Rupture Model (SRM) is comprised of several curves and 

correlations described in BAW-10227 and implemented via the prescriptions of the EMs 

to calculate the swelling and rupture phenomena during the simulated LOGA transient. 

[ 

] 

Framatome's justification of the M5Framatome SRM was thoroughly reviewed and 

discussed between Framatome and the NRG staff during the initial approval of 

BAW-10227P-A, Revision 1. As discussed in the NRG SE, there is significant scatter in 

the rupture test data of Zirconium alloys and several different curves could have been 

drawn. Background information on the material was important in establishing 

representative curves and correlations. Accordingly, the topical report, the RAI 

responses, and the NRG SE all heavily reflect the expected material performance, 

differences between alloys, and corroboration from empirical test data. 
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The statement that Framatome followed the NUREG-0630 approach is meant to convey 

that the general process for developing the aspects of the M5Framatome SRM paralleled 

that of NUREG-0630. [ 

] 
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In the 1980s, Erbacher presented a comprehensive review of experimental work related 

to LOCA on oxidation, embrittlement, plastic defom,ation and coolability of defom,ed 

rod bundles (Reference 13). [ 

] 
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In addition to the M5Framatome cladding testing reported in BAW-10227P,-A, Revision 1, 

Framatome also performed ~ingle rod testing of Zr-4 cladding at the time using the 

same EDGAR facility, equipment, and methodology. [ 

] 
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[ 

] and 

adequately satisfy the regulatory requirements of 10 CFR 50.46. 
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Figure 4-1: M5Framatome Cladding Slow Ramp Rate Rupture Strain 
Curve and Data 
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Figure 4-2: M5Framatome Cladding Fast Ramp Rate Rupture Strain 
Curve and Data 
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Figure 4-3: Burst strain of Zircaloy-4 Cladding Tubes versus 
Azimuthal Temperature Difference (REBEKA tests) 

(Figure 19 of Reference 13) 
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Figure 4-4: Average Strain at Failure versus Temperature Difference 
(Figure 13 of Reference 14) 
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Figure 4-5: [ 

] 
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Figure 4-7: [ 

] 
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