
 
 
 

 
 

December 29, 2011 
 
 
 
MEMORANDUM TO:  Eric J. Leeds, Director 
   Office of Nuclear Reactor Regulation 
 
    Michael R. Johnson, Director 
    Office of New Reactors 
 
FROM:   Brian W. Sheron, Director  /RA/ D. Coe for 
   Office of Nuclear Regulatory Research 
 
SUBJECT: UPDATE TO RESEARCH INFORMATION ON CLADDING 

EMBRITTLEMENT CRITERIA IN 10 CFR 50.46 
 

 
In May 2008, the Office of Nuclear Regulatory Research (RES) issued Research Information 
Letter (RIL) 0801, “Technical Basis for Revision of Embrittlement Criteria in 10 CFR 50.46,” 
which summarized the findings of NRC’s LOCA research program to date. This memo 
summarizes additional research conducted since the issuance of RIL-0801, and provides an 
update to the technical basis.  

Background 
 
Emergency core cooling systems (ECCS) must be designed so that their calculated cooling 
performance following postulated loss-of-coolant accidents (LOCAs) conforms with specified 
regulatory criteria.  Some of these criteria are related to embrittlement (i.e., loss of ductility) in 
the metal cladding on the reactor fuel rods.  The current embrittlement criteria do not account for 
the effects of fuel burnup, and are applicable only to older cladding alloys, such as Zircaloy.  In 
1996, the NRC initiated a fuel-cladding research program intended to investigate the behavior of 
high-exposure fuel cladding under accident conditions.  This program included an extensive 
LOCA research and testing program to develop the body of technical information needed to 
evaluate LOCA regulations for high-exposure fuel.  The research findings were summarized in 
RIL-0801.  At the same time RES issued RIL-0801, the office published a NUREG contractor 
report (CR), NUREG/CR-6967, “Cladding Embrittlement during Postulated Loss-of-Coolant 
Accidents,” containing the supporting data from the NRC’s LOCA research program at Argonne 
National Laboratory (ANL).  A Federal Register (FR) notice (73 FR 44778) was published to 
solicit public stakeholder’s comments on the adequacy of the technical basis information 
contained in RIL-0801 and NUREG/CR-6967.  These comments were discussed during a 
September 24, 2008, public meeting on this topic.  
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Based on internal discussions and comments received from public stakeholders regarding 
rulemaking on 10CFR 50.46c, the staff identified three areas where further effort was needed to 
enhance the existing technical basis documented in RIL-0801 and NUREG/CR-6967.  The three 
areas were described in a memorandum to the Commission dated December 19, 2008 (ADAMS 
ML083440156): 
 
(1) Comprehensive Test Procedures 
 

A detailed and comprehensive set of experimental procedures is required to ensure that 
the industry uses acceptable laboratory test protocols in the performance of future 
testing. 

 
(2) Post-Quench Ductility (PQD) Tests at Intermediate Hydrogen Levels 
 

The current PQD empirical database does not include testing on irradiated cladding 
segments with hydrogen concentrations from 100–500 parts per million. Further PQD 
tests are needed in this intermediate range of hydrogen to develop high-confidence 
regulatory criteria. 

 
(3) Breakaway Oxidation Tests with Varying Temperature Profiles 
 

The current database on breakaway oxidation is from isothermal tests. Variation in 
temperature profile or thermal cycling may aggravate the breakaway process and needs 
to be investigated to define future testing requirements. 

 
In addition, in developing rule language for a revision to 10 CFR 50.46c, the staff discussion 
focused on how to treat the portion of the fuel rod predicted to balloon and rupture during a 
LOCA.  In particular, the staff discussed whether the hydrogen-based embrittlement correlation 
developed based on the supporting data contained in NUREG/CR-6967 was the appropriate 
limit to apply in the balloon region.   
 
In response to the research needs identified above, RES continued experimental programs at 
Argonne National Laboratory (ANL) and Studsvik Nuclear Laboratory in Sweden, supplementing 
the existing technical basis previously provided in RIL-0801. The results and related 
documentation are discussed below. 
 
Summary and Significance of Results 
 
As discussed in the memorandum to the Commission dated December 19, 2008, a detailed and 
comprehensive set of experimental procedures is required to ensure that the industry uses 
acceptable laboratory test protocols in the performance of future testing.  RES staff developed 
three regulatory guidance documents which document the experimental procedures used in the 
NRC’s LOCA research program (see package ML110810076).  These guidance documents 
enable the performance-based rule language in 10 CFR 50.46c by providing a consistent 
means of using experimental data to establish regulatory limits related to cladding embrittlement  
and the breakaway behavior of zirconium-based alloys during LOCA conditions.  The three 
regulatory guidance documents have been presented to the ACRS (see Enclosure for 
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information related to ACRS interactions).  These three regulatory guidance documents will be 
issued for public comment concurrent with the public comment period for the proposed rule. 
 
Also discussed in the December 19, 2008, memorandum to the Commission, additional PQD 
testing was requested to further characterize behavior of cladding at intermediate hydrogen 
contents to develop high-confidence regulatory criteria. At the issuance of RIL-0801, the 
measured embrittlement thresholds for all cladding types and burnup that had been investigated 
were characterized by Figure 1.  

  
Figure 1  Measured embrittlement threshold cited in RIL-0801, expressed as a percentage of 

cladding oxidized and calculated with the Cathcart-Pawel equation, as a 
function of pre-test hydrogen content  

 
Since the publication of NUREG/CR-6967 and RIL-0801 in 2008, additional testing was 
conducted, focusing on cladding materials with hydrogen contents in the 200- to 350 weight 
parts per million (wppm) range.  When results of tests that were conducted after the publication 
of NUREG/CR 6967 were combined with the data reported in NUREG/CR-6967, and 
refinements in evaluating the pre-transient hydrogen content and the relationship between offset 
and permanent strain were made, the resulting behavior description of cladding embrittlement  
as a function of hydrogen content could be depicted as shown in Figure 2. 
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Figure 2.  Ductile-to-brittle transition oxidation level (CP-ECR) as a function of pretest hydrogen 

content in cladding metal for as-fabricated, prehydrided, and high-burnup cladding 
materials.  Samples were oxidized at ≤1,200 °C ±10 °C and quenched at 800 °C.  For high-

burnup cladding with about 550-wppm hydrogen, embrittlement occurred during the 
heating ramp at 1,160–1,180 °C peak oxidation temperatures. 

 
As discussed in RIL-0801, the adequacy of these embrittlement thresholds is subject to several 
conditions.  Further guidance on the applicability of these embrittlement thresholds is provided 
in the draft regulatory guidance mentioned above. 
 
The third area identified in the December 19, 2008, Commission memorandum requiring further 
research was related to breakaway oxidation.  Further information was requested to ensure that 
the database on breakaway oxidation derived from isothermal tests was conservative.  Work 
was completed at ANL to investigate if variations in temperature profile or thermal cycling 
aggravate the breakaway process to result in inferior breakaway oxidation behavior.  Four 
transient temperature profiles were selected based on knowledge of the breakaway 
phenomenon.  None of these temperature profiles gave lower oxidation times than were 
observed under isothermal conditions.  This confirmed the conservatism of the existing 
breakaway oxidation behavior database as well as the appropriateness of the testing 
procedures detailed in the draft regulatory guidance to characterize breakaway behavior.  A 
Quick Look report (ADAMS ML090700193) was prepared by RES staff based on the results of  
testing at ANL which provides an overview of the motivation of the tests, the test results, and 
high level conclusions. 
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Finally, further information was generated since RIL-0801 to address staff discussion focused 
on how to treat the portion of the fuel rod predicted to balloon and rupture during a LOCA. 
Integral LOCA experiments were conducted at ANL and Studsvik.  The mechanical behavior of 
as-received, pre-hydrided and irradiated ballooned and ruptured fuel rod samples was 
measured following exposure to postulated LOCA conditions. The integral LOCA testing 
confirmed that continued exposure to high temperature steam environment weakens the already 
flawed region of the fuel rod surrounding the cladding rupture.  Hence, limitations on peak 
cladding temperature and integral time at temperature are necessary to preserve an acceptable 
amount of mechanical strength and fracture toughness.  In addition, this research demonstrated 
that the degradation in strength and fracture toughness with prolonged exposure to steam 
oxidation was enhanced with pre-existing cladding hydrogen content.  In comparing the values 
measured for different material conditions, the results showed that when oxidation is limited in 
the current manner (using the average wall thickness and calculating double sided oxidation) 
and with the embrittlement threshold shown in Figure 2, the mechanical behavior of high burnup 
fuel can be maintained to that of as-received cladding following exposure to postulated LOCA 
conditions. Therefore, limiting oxidation uniformly to the entire rod, including in the ballooned 
region, with the embrittlement threshold shown in Figure 2 is acceptable.  RES staff prepared a 
draft NUREG report to document the results and conclusions of the integral LOCA test program 
(ADAMS ML112280225).  This document is scheduled to be published prior to the public 
comment period for the proposed rule.  The draft NUREG report has been presented to the 
ACRS (see Enclosure for information related to ACRS interactions). 
 
In addition to the above mentioned staff reports, RES is preparing two additional NUREG 
contractor reports for publication.  One NUREG/CR report will be a supplement report to 
NUREG/CR-6967, documenting the details of experiments conducted at ANL which form the 
basis for the revised ductile to brittle transition oxidation level provided in Figure 2 above as well 
as details of the experiments conducted at ANL which were summarized in the staff prepared 
Quick Look report related to transient breakaway oxidation findings.  A second NUREG/CR 
report titled, “Comparison of Test Methods” will provide discussion of the various test methods 
used throughout the nuclear community to characterize the mechanical behavior of cladding 
exposed to postulated LOCA conditions.  The report will document, in particular, analysis of 
results from various test methods used to characterize the ductile-to-brittle transition of post-
quench cladding samples.  This analysis of results from various test methods supports the 
technical basis by documenting the consistency between test methods which identify the 
ductile-to-brittle transition as a function of exposure to steam oxidation.  Doing so is important to 
support both the proposed performance-based rule language in 10 CFR 50.46c, and the 
utilization of the specific experimental methods outlined by the supporting regulatory guidance.  
 
As mentioned in RIL-0801, several other fuel-related LOCA phenomena (beyond cladding 
embrittlement) are under investigation or consideration in the NRC’s research programs.  Since 
the publication of RIL-0801, additional research findings have been developed in the areas of 
axial fuel relocation and the loss of fuel particles through a rupture opening.  To investigate  
these phenomena and narrow down factors which may impact the sensitivity of fuel rods to fuel 
fragmentation, relocation, and dispersion, the Office of Nuclear Regulatory Research developed 
a technical report entitled  “Fuel Fragmentation, Relocation, and Dispersal During the Loss-of-
Coolant Accident” (ADAMS Accession No. ML112800059). This report discusses recent LOCA 
research on this subject as well as a review of a wide-range of historical data. Further research 
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is planned by the staff to understand the sensitivities of these phenomena and their potential 
significance.  Additional tests and post-test examinations are planned to further characterize 
and understand the observed behavior of integral tests at Studsvik and Halden and the staff’s 
consideration of this matter is being considered within the Generic Issues program. The staff 
does not currently have a sufficient technical basis for concluding whether and in what manner 
these phenomena must be addressed.  Therefore, these phenomena are not included in the 
§ 50.46c proposed rule.  The results of the ongoing research for fuel fragmentation, relocation, 
and dispersion may require additional changes to the provisions of the proposed § 50.46c rule 
to establish appropriate requirements for consideration of those phenomena.  Such rule 
changes may require licensees and fuel vendors to perform substantial reanalysis of their ECCS 
and/or fuel systems.  However, the resolution of these issues, or lack thereof, should not delay 
the revision of embrittlement criteria in 10 CFR 50.46c because: (i) the schedule for staff 
evaluation of the applicability and significance of these phenomena, the need for additional 
rulemaking, and the date for development and implementation of such rulemaking is uncertain, 
and (ii) implementation of a final § 50.46c rule would relieve the not insignificant burden on both 
licensees and the NRC staff to continue to confirm plant safety using interim processes (i.e., to 
ensure that current ECCS and fuel system designs are being operated safely with respect to 
those matters which would be addressed by the § 50.46c rule). 
 
Staff members from the Office of Nuclear Reactor Regulation (NRR) and the Office of New 
Reactors (NRO) have reviewed this memo and have closely followed the research on which it is 
based.  
 
Enclosure: 
As stated 
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Advisory Committee on Reactor Safeguards 

 
The embrittlement criteria in Title 10, Section 50.46, “Acceptance Criteria for Emergency Core 
Cooling Systems for Light-Water Nuclear Power Reactors,” of the Code of Federal Regulations 
(10 CFR 50.46) and related work have been the subject of many meetings with the Advisory 
Committee on Reactor Safeguards (ACRS). More detailed meetings with the ACRS 
Subcommittee on Materials, Metallurgy, and Reactor Fuels preceded each meeting with the full 
committee.  RIL-0801 provided details of relevant meetings held prior to its issuance.  The 
following summarizes staff interactions with the ACRS since the issuance of RIL-0801. 
 
ACRS Meeting of December 4, 2008 
 
A letter was written from the ACRS following the meeting (Ref. 1), and that letter contained the 
following three recommendations: 
 
(1) There are sufficient data and understanding of the cladding embrittlement 

phenomena to justify and proceed with rulemaking. 
 
(2) The rule should include the proposed optional testing program to allow licensees 

to demonstrate compliance with post-quench-ductility (PQD) criteria on an alloy-
specific and temperature-specific basis. 

 
(3) A round robin test program would be beneficial in the validation of the test 

procedures used to demonstrate compliance with PQD and breakaway-oxidation 
criteria. 

 
In addition, the letter included three issues for consideration in a proposed ANPR: 
 
(1) The need for the rule to address explicitly the phenomenon of breakaway 

oxidation rather than leaving this as a phenomenon to be addressed in 
evaluation models; 

 
(2) The test procedures needed to demonstrate compliance with the requirements of 

the rule; and 
 
(3)  The need for periodic testing to ensure that manufacturing processes have not 

changed in a manner to increase susceptibility to breakaway oxidation. 
 
The staff responded to the ACRS in a letter (Ref. 2), identifying how the recommendations 
would be addressed.   In response to the first recommendations, the staff proceeded with an 
Advance Notice of Proposed Rulemaking (ANPR) (Ref. 3).  In the ANPR, the staff developed a 
proposal which included an optional testing program and began stakeholder engagement by 
soliciting feedback on the proposal through targeted questions in the ANPR.  The ANPR also 
proposed explicit treatment of breakaway oxidation and the need for periodic testing related to 
this phenomenon.   
 
 
 



 

 

           Enclosure 
 
The staff issued draft test procedures for conducting PQD and breakaway oxidation testing for 
comment with the ANPR.  Following the comment period on the ANPR, the staff developed 
three draft regulatory guides which could be used to implement a testing program to allow 
licensees to demonstrate compliance with post-quench-ductility (PQD) criteria on an alloy-
specific and temperature-specific basis.  The draft test procedures are currently being 
voluntarily used by the industry in a round robin test program to validate the test procedures 
used to demonstrate compliance with PQD and breakaway-oxidation criteria. 
 
ACRS Meeting of June 8, 2011 
 
On June 8, 2011, the staff presented three draft Regulatory Guides (Refs. 6-8) to the ACRS 
which were developed to support the performance based rule language under development for 
the revision to 10 CFR 50.46.  A letter was written from the ACRS following the meeting (Ref. 
4), and that letter contained the following three recommendations: 
 
(1) Draft Guides (DGs) DG-1261, DG-1262, and DG-1263 should be issued for 

public comment. 
 
(2) Although additional issues have arisen since the initiation of 10 CFR 50.46c 

rulemaking, publication of the proposed rule should not be delayed. 
 
(3) The staff should make arrangements for Argonne National Laboratory (ANL) to 

participate in the round-robin test program to demonstrate the reliability of the 
DG-1262 test procedures. 

 
The staff responded to the ACRS in a letter (Ref. 5), identifying how the recommendations 
would be addressed.   The staff agreed with the first two recommendations and intends to 
publish the three draft regulatory guest for formal public comment in 2012 in conjunction with 
the proposed rule.  Doing so will provide the nuclear industry and the public with a better 
understanding of the proposed rule’s implementation and acceptable methods for complying 
with the proposed regulations.  The proposed rule language and supporting material are being 
developed, and will be provided to the NRC EDO by February 2012, to achieve all of the original 
rulemaking objectives. 
 
Regarding the third recommendation, the staff has been working with the nuclear industry 
regarding the loss-of-coolant accident test procedures for some time.  The staff agreed that ANL 
involvement in the voluntary industry round robin testing program could provide additional 
information to the nuclear industry.  However, the staff also believes that more regulatory values 
would be added by having ANL review the results of the round robin program.  If the results of 
the industry test program differ significantly from the results previously generated and reported 
by ANL, the NRC staff would reconsider its prioritization of the work.  The staff has responded to 
the ACRS in this manner and updates on this subject have been included in subsequent ACRS 
briefings. 
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ACRS Meeting of July 13, 2011 
 
On July 13, 2011 (Ref. 9), the staff presented the technical basis (Ref. 10) for the treatment of 
ballooned and ruptured cladding with the proposed revisions to 10 CFR 50.46c.  No action items 
resulted from this meeting related to the subject report. 
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