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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C. 20555-0001 

Mr. Gary Peters, Director 
Licensing and Regulatory Affairs 
Framatome Inc. 
3315 Old Forest Road 
Lynchburg, VA 24501 

June 3, 2019 

SUBJECT: FINAL SAFETY EVALUATION FOR FRAMATOME INC. TOPICAL REPORT 
BAW-10227, REVISION 1, SUPPLEMENT 1P, "EVALUATION OF ADVANCED 
CLADDING AND STRUCTURAL MATERIAL (M5) IN PWR REACTOR FUEL" 
(CAC NO. MF9716; EPID L-2017-TOP-0031) 

Dear Mr. Peters:_ 

By letter dated May 4, 2017 (Agencywide Documents Access and Management System 
(ADAMS) Accession No. ML 17130A708), Framatome, Inc. (Framatome, formerly AREVA, Inc.) 
submitted Topical Report (TR) BAW-10227, Revision 1, Supplement 1P, "Evaluation of 
Advanced Cladding and Structural Material (M5) in PWR [pressurized water reactor] Reactor 
Fuel," to the U.S. Nuclear Regulatory Commission (NRC) staff for review and approval. By 
letter dated April 24, 2019 (ADAMS Accession No. ML 19088A246), an NRC draft safety 
evaluation (SE) regarding our approval of TR BAW-10227, Revision 1, Supplement 1 P, was 
provided for your review and comment. By letter dated May 16, 2019 (ADAMS Accession No. 
ML 19140A065), Framatome provided comments on the draft SE. The NRC staff's disposition of · 
the Framatome comments on the draft SE are discussed in the attachment (ADAMS Accession 
No. ML 19141A368) to the final SE enclosed with this letter. 

The NRC staff has found that TR BAW-10227, Revision 1, Supplement 1 P, is acceptable for 
referencing in licensing applications for nuclear power plants to the extent specified and under 
the limitations delineated in the TR and in the enclosed final SE. The final SE defines the basis 
for our acceptance of the TR. 

Our acceptance applies only to material provided in the subject TR. We do not intend to repeat 
our review of the acceptable material described in the TR. When the TR appears as a 
reference in licensing action requests, our review will ensure that the material presented applies 
to the specific plant involved. Requests for licensing actions that deviate from this TR will be 
subject to a plant-specific review in accordance with applicable review standards. 

NOTICE: The Enclosure 1 transmitted here within contains Proprietary Information. 
When separated from the Enclosure 1, this transmittal document is decontrolled. 
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In accordance with the guidance provided on the NRC website, we request that Framatome 
publish approved proprietary and non-proprietary versions of TR BAW-10227, Revision 1, 
Supplement 1 P, within 3 months of receipt o_f this letter. The approved versions shall 
incorporate this letter and the enclosed final SE after the title page. Also, they must contain 
historical review information, including NRC requests for additional information and your 
responses. The approved versions shall include an "-A" (designating approved) following the 
TR identification symbol. 

As an alternative to including the RAls and RAI responses behind the title page, if changes to 
the TR were provided to the NRC staff to support the resolution of RAI responses, and if the 
NRG staff reviewed and approved those changes as described in the RAI responses, there are 
two ways that the accepted version can capture the RAls: 

1. The RAls and RAI responses can be included as an Appendix to the accepted version. 
2. The RAls and RAI responses can be captured in the form of a table (inserted after the final 

SE) which summarizes the changes as shown in the approved version of the TR. The table 
should reference the specific RAls and RAI responses which resulted in any changes, as 
shown in the accepted version of the TR. 

If future changes to the NRC's regulatory requirements affect the acceptability of this TR, 
Framatome will be expected to revise the TR appropriately or justify its continued applicability 
for subsequent referencing. Licensees referencing this TR would be expected to justify its 
continued applicability or evaluate their plant using the revised TR. 

Project No. 728 
Docket No. 99902041 

Enclosure: 
1. Final SE (Proprietary) 
2. Final SE (Non-Proprietary) 



FINAL SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION 

BAW-10227P, REVISION 1, SUPPLEMENT 1P 

1.0 

"EVALUATION OF ADVANCED CLADDING'AND STRUCTURAL MATERIAL (M5) 

IN PWR REACTOR FUEL" 

FRAMATOME INC, 

PROJECT NO. 728; DOCKET NO. 99902041 

INTRODUCTION 

By letter dated May 4, 2017 (Reference 1 ), Framatome Inc. (Framatome, formerly known as 
AREVA Inc.) submitted BAW-10227,.Revision 1, Supplement 1P, "Evaluation of Advanced 
Cladding and Structural Material (M5) in PWR Reactor Fuel," for U.S. Nuclear Regulatory 
Commission (NRG) review and approval. Framatome's motivation for the supplement is to 
re-establish the iron (Fe) concentration limit [ 

]. . Framatome states that the 
current state of the art Zr production allows reliable production of ingots with iron concentrations 
no greater than [ ] parts per million (ppm). Therefore, modification of the iron impurity 
concentration from [ ] to [ ] ppm is being requested. All other impurity concentration limits 
remain as specified by the tables in Section 1.20 of Reference 5. 

2.0 REGULATORY EVALUATION 

Regulatory guidance for the review of fuel system materials and designs and adherence to 
General Design Criteria (GDC)-10, GDC-27, and GDC-35 is provided in NUREG-0800, 
"Standard Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants" 
(SRP), Section 4.2, "Fuel System Design" (Reference 6). In accordance with SRP Section 4.2, 
the objectives of the fuel system safety review are to provide reasonable assurance that: ( 1) the 
fuel system is not damaged as a result of normal operation and anticipated operational 
occurrences, (2) fuel system damage is never so severe as to prevent control rod insertion 
when it is required, (3) the number of fuel rod failures is not underestimated for postulated 
accidents, and (4) coolability is always maintained. A "not damaged" fuel system is defined as 
fuel rods that do not fail, fuel system dimensions that remain within operational tolerances, and 
functional capabilities that are not reduced below those assumed in the safety analysis. 
Objective 1, above all, is consistent with GDC-10 in Title 10 of the Code of Federa/RegulaUons 
(10 CFR) Part 50, Appendix A, and the design limits that accomplish this are called specified 
acceptable fuel design limits. "Fuel rod failure" means that the fuel rod leaks and that the first 
fission product barrier (the cladding) has, therefore, been breached. However, the NRG staff 
recognizes that it is not possible to avoid all fuel rod failures during normal operation, and 
reactor coolant cleanup systems are installed to deal with a small number of leaking rods. Fuel 
rod failures must be accounted for in the dose analysis required by 1 O CFR Part 100 for 
postulated accidents. "Coolable geometry" means, in general, that the fuel assembly retains its 
rod-bundle geometrical configuration with adequate coolant channels to permit removal of 
residual heat following a design basis accident. The general requirements to maintain control 
rod insertability and core coolability appear repeatedly in the GDC, but are most explicit in 

Enclosure 2 
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GDC-27 and GDC-35. Specific coolability requirements for the loss-of-coolant accident are 
given in 1 O CFR 50.46. 

3.0 TECHNICAL EVALUATION 

The main objective of BAW-10227, Revision 1, Supplement 1 P, is to demonstrate that the slight 
increase in maximum allowable iron concentration does not significantly impact the performance 
of M5. As such, no revisions to any approved M5 models or correlations related to Reference 5 
have been proposed. The oth_er impurity concentration limits remain as specified by the tables 
in Section 1.20 of Reference 5. 

Since the supplement does not revise any models or correlations, citations of the original topical 
report in technical specifications and core operating limits reports are sufficient; a specific 
reference to BAW-10227, Revision 1, Supplement 1 P, is not required. 

Audit of BAW-10227, Revision 1, Supplement 1 P Supporting Documents 

The NRC staff completed its acceptance review on ·october 18, 2017, and found that.the 
material presented was sufficient to begin its review (Reference 2). After an initial review, the 
NRC staff identified some areas requiring further discussion, and determined it necessary to 
review documents supporting BAW-10227, Revision 1, Supplement 1 P, analyses to resolve the 
NRC staff concerns. The scope and objectives were defined in an audit plan (Reference 3). 

Sections 3 and 4 of BAW-10227, Revision 1, Supplement 1 P, reference a technical paper 
presented at the ASTM B1 O Zirconium in the Nuclear Industry Symposium for a vast amount of 
data and analysis to support this topical report. The technical paper is cited 31 times. The 
technical paper, "Impact of Iron in M5™," was authored by representatives from several different 
Framatome organizations in France, Germany, and USA. This technical paper lacks the 
pedigree necessary to support an NRC safety finding. Consequently, the underlying 
_Framatome testing and research reports were audited to verify that the information cited from 
the technical paper is accurate. 

The NRC staff audit report describes in detail both relevant Framatome quality assurance 
procedures reviewed including a summary of all audit documents reviewed supporting each of 
the respective technical paper citations (Reference 4). 

All of the audit objectives listed in Section 2 of the audit report were covered and all audit items 
(8 total) were closed as documented in Section 3 of the audit report. No errors or negative 
findings were identified during the audit. No requests for additional information were needed to 
provide further information. , 

Material Properties Evaluation 

Section 3 of BAW-10227, Revision 1, Supplement 1 P, describes potential effects of the change 
in allowable iron concentration on microstructure and metallurgical texture. MS has a fully 
recrystallized microstructure, characterized by an alpha-Zr (a-Zr) matrix with two types of 
uniformly distributed precipitates: body-centered cubic beta-niobium (!3-Nb) precipitates and 
hexagonal Laves phase (Zr(Nb,Fe)2) intermetallic precipitates. Metallurgical evaluations were 
performed on M5 cladding samples with varying iron concentrations up past the requested limit. 
Based on these studies, Framatome concludes that mean second phase particle sizes do not 
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evolve significantly with the iron content. Likewise, metallurgical texture, as expressed by the 
basal plane Kearns factors, does not exhibit significant dependence with the iron content. 

Section 4 of BAW-10227, Revision 1, Supplement 1 P, describes potential effects of the change 
in allowable iron concentration on material properties. Material properties can be separated into 
physical properties and mechanical properties. Impurities are expected to have very little 
influence on physical properties, such as density, so a simple treatment.based on the rule of 
mixtures is used to assess the impact. In contrast, mechanical properties could be affected by 
impurities, so experimental results were presented to demonstrate that modifying the iron 
concentration limit will not have a significant effect. 

Structure-Insensitive Properties 

The following structure-insensitive physical properties were evaluated using the rule of mixtures: 

• Density 
• Coefficient of thermal expansion 
• Specific-heat capacity 
• Emissivity 
• Poisson's ratio 
• Modulus of elasticity 

These evaluations concluded that the magnitude of change as a result of the small increase in 
allowable iron concentration was smaller than the reported uncertainty in the measured physical 
property. 1 

In the case of structure-insensitive properties (i.e., those that don't depend strongly on the 
material matrix/precipitate distribution), Framatome explains that these properties are not 
affected by the proposed increase in the iron concentration limit, which can be seen by applying 
the rule of mixtures. In these cases, Framatome explains that the change in iron concentration 
results in a change in property that is much smaller than the uncertainty associated with the 
given property - the smallest ratio of uncertainty-to-change across all structure-insensitive 
properties was observed to be 30, which is sufficiently large to indicate the smallness of impact 
of these types of material property changes. 

Based on the above discussion, Framatome ultimately found no evidence that any of the 
structure-insensitive material properties are adversely affected in a meaningful way by 
increasing the M5 iron concentration limit from [ ] ppm to [ ] ppm. 

1 NRC staff reviewed Framatome provided references for reported uncertainties cited in BAW-10227, 
Revision 1, Supplement 1 P, during the audit and found them to be reasonable. Additional details are 
provided in Audit Item #3 in Reference 4. 
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Structure-Sensitive Properties 

The following structure-sensitive properties were evaluated by Framatome: 

Thermal conductivity 
Oxidation resistance 

Aqueous corrosion (important during normal operation and reactivity insertion 
accidents (RIA)) 
High temperature oxidation (important during loss-of-coolant accidents) 

Ultimate tensile.str~ngth 
Yield strength (0.2 percent offset) 
Ductility 

Ramp temperature test data was used to suggest that equivalent cladding ductility 
would be maintained during a RIA for a range of M5 iron concentration between 
[ J ppm and [ J ppm. 

Creep resistance . 
Fuel rod cladding (out-of-pile and in-pile2) 

Guide tubes3 

Meyer's hardness 
Growth rate 

Free growth 
Growth of fuel assembly (FA) components " 

• Data shows that at worst, guide tube (GT) growth may increase very slightly 
with irradiation at an iron concentration of 1000 ppm relative to the current 
M5 iron concentration limit of [ ] ppm; other data shows no significant 
increase. However, since the requested increase is from [ ] ppm to 
[ ] ppm, it is reasonable to expect little to no observable increase in GT 
growth. 

• In general, an increase in iron ·concentration to 1000 ppm relative to the 
current M5 iron concentration limit shows a decrease in fuel rod (FR) 
growth.4 Therefore, no change in GT growth, which dictates FA growth, and 

2 Necessary because out-of-pile tests only measure thermal creep, which is a relatively small contributor 
to overall in-reactor creep. · 

3 Section 4.10.2 of BAW-10227, Revision 1, Supplement 1 P, describes the evaluation for guide tube 
creep. During the audit, Framatome discussed relevant testing with NRC staff. The NRC staff reviewed 
Framatome calculations supporting guide tube creep modeling. Additional details documenting NRC staff 
observations are provided in Audit Item #4 in Reference 4. 

4 The NRC staff noted that a decrease in fuel rod growth would have a negative impact on predicted void 
volume and rod internal pressure, therefore the impact of the re-defined MS depends on whether the 
application methods credit fuel rod growth in those predictions. However, high iron content M5 
measurements in Framatome's fuel rod growth database show that the higher iron content M5 being 
proposed in BAW-10227, Revision 1, Supplement 1 P, is within the scatter of the database implying valid 
void volume and rod internal pressure predictions for the proposed higher iron content M5. Additional 
details are provided in Audit Item #5 in Reference 4. 
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a general decrease in FR growth, would tend to lead to an increased gap 
between the FRs and the upper tie plate, which increases design margin 
and likewise safety margin. 

Resistance to hydriding (important during RIA) 
• Stress corrosion cracking resistance 

Alpha --) beta transformation temperature5 

Fatigue strength 

For some structure-sensitive properties, qualitative assessments showed either insignificant or 
relatively minor effects due to the proposed increase in the iron concentration limit. In these 
cases (e.g., thermal conductivity), the small relative impact of the change in iron concentration 
was assessed in relation to the small magnitude of the increase in iron concentration relative to 
the other alloying element concentrations. · 

However, experimental testing was performed _:_ out-of-pile, and specifically in-pile - to validate 
important structure-sensitive properties that are less straightforward to address qualitatively, 
and that have traditionally been tracked as part of ongoing surveillance programs.6 High burnup 
lead test assembly (LTA) data was collected and analyzed supporting Framatome's assessment 
of the effects on the various material properties discussed in Section 4 of the s.upplement due to 
an increase in the iron concentration limit.7 This L TA data, although limited, further validates 
Framatome's cla.im that an increase in the M5 iron concentration limit from [ J ppm to 
[ ] ppm will have no adverse impact on the material properties that were assessed. 
Framatome summarizes in Section 2 of BAW-10227, Revision 1, Supplement 1 P, by stating: 
"[ . ] 
demonstrates that the combination of the experience and [Framatome's] normal product 
surveillance is sufficient to ensure safe operation." 

5 Section 4.17 of BAW-10227, Revision 1, Supplement 1 P, describes the evaluation of phase transition 
temperature. Iron has been identified as a beta-stabilizer in Zr alloys. As such, the NRC staff expects the 
a-Zr to a-Zr plus ~-Zr phase transition temperature should be slightly reduced at the higher iron 
concentrations. During the audit, Framatome presented the Zr-Fe phase diagram. The beta phase 
transition temperature initially decreases with increasing iron then drops from about [ 
down to [ ]. The phase transition temperature remains constant after the iron 
solubility limit ([ ]). Hence, there is no impact on the phase transition temperature by raising 
the maximum iron content up to the proposed value. 

6 The original approval of MS in BAW-10227P-A, Revision 1, discussed continued growth measurement 
and model updates. During the audit, Framatome mentioned that their MS growth models have been 
refined and updated as more data is collected. The NRC staff supports .these continued improvements 
and data collection. Consequently, BAW-10227, Revision 1, Supplement 1 P, does not need to further 
define an update process. 

7 [ ] total fuel rods amongst [ ] total LT As - [ ] LT As from a commercial German reactor 
and [ ] from a commercial French reactor - form the current database. The iron concentration of this 
MS variant was 1000 ppm and encompasses the requested change. 
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Based on the above discussion, Framatome ultimately found no evidence that any of the 
structure-sensitive material properties are adversely affected in a meaningful way by increasing 
the M5 iron concentration limit from [ ] ppm to [ ] ppm: · 

Consequently, based on the justifications given in addition to the demonstrated insignificant 
impact of the higher allowable iron impurity concentration on cladding performance, the NRC 
staff finds the higher allowable iron impurity concentration to be acceptable. 

M5 Definition 

Section 1 of BAW-10227, Revision 1, Supplement 1P, provides the following justification for 
maintaining the name "M5®" for the cladding alloy at the higher allowable iron concentration: 

Limits on alloying elements {niobium, oxygen, and sulfur for M5®) are 
established to determine the behavior of the alloy, whereas limits on impurities 
are established to ensure product uniformity. Because the modification is an 
adjustment to the concentration limit for one impurity element, the name "MS®" 
will be retained. 

Based on the demonstrated insignificant impact of the higher allowable iron impurity 
concentration on cladding performance and continued applicability of approved models and 
correlations, the NRC staff accepts the justification to maintain M5® for the higher aflowable iron 
impurity concentration. 

4.0 CONCLUSION 

The NRC staff has reviewed BAW-10227, Revision 1, Supplement 1 P, that describes an update 
to the M5 iron concentration impurity limit previously defined in BAW-10227P-A. Revision 1 (the 
base topical report). The NRC staff conclydes that any downstream safety calculations relying 
on M5 material properties will not be adversely affected in a meaningful way with an iron 
concentration limit of either [ ] ppm or [ ] ppm based on Framatome's assessment of the 
iron concentration change with respect to relevant material properties as characterized in the 
base topical report. While the quantitative evidence was based on both out-of-pile and in-pile 
data, the in-pile data is the most applicable and is essential to the NRC staff's approval of the 
change. Furthermore, Framatome's continuing normal product surveillance is sufficient to 
provide the NRC staff with reasonable assurance that safe operation will continue for reactors 
using M5 at the higher iron concentration limit. 

Consequently, in the context of limiting M5 iron concentration as an impurity, Framatome has 
demonstrated that an M5 iron concentration limit of either [ ] ppm or [ ] ppm is · 
functionally equivalent, therefore the NRC staff agrees that either can be used to represent M5 
for the purpose of performing downstream safety analyses. 

5.0 REFERENCES 

1. "Request for Review and Approval of BAW-10227, Revision 1, Supplement 1 P, 
"Evaluation of Advanced Cladding and Structural Material {M5) in PWR Reactor Fuel," 
NRC:17:021, May 4, 2017 (Agencywide Document and Management System (ADAMS) 
Accession No. ML 17130A708). 



-7-

2. "Acceptance for Review of AREVA Inc. Topical Report BAW-10227, Revision 1, 
Supplement 1 P, 'Evaluation of Advanced Cladding and Structural Material (M5) in PWR 
Reactor Fuel' (CAC NO. MF9716)," October 18, 2017 (ADAMS Accession 
No. ML 17283A261 ). . 

3. "Regulatory Audit Plan for January 30-31, 2019, Audit for Framatome Inc. Topical Report 
BAW-10227, Revision 1, Supplement 1 P, 'Evaluation of Advanced Cladding and 
Structural Material (M5) in PWR Reactor Fuel' (CAC MF9716/ 
EPID L-2017-TOP-0031)," January 15, 2019 (ADAMS Accession No. ML 18355A980). 

4. "Audit Report: BAW-10227P, Revision 1, Supplement 1 P, 'Evaluation of Advanced 
Cla.dding and Structural Material (M5) in PWR Reactor Fuel,"' Lynchburg, VA, 
January 30-31, 2019 (ADAMS Accession No. ML 19035A 120). 

5. BAW-10227P-A, Revision 1, "Evaluation of Advanced Cladding and Structural Material 
(M5) in PWR Reactor Fuel," June 2003 (ADAMS Accession No. ML 15162B052). 

6. NUREG-0800, "Standard Review Plan for the Review of Safety Analysis Reports for 
Nuclear Power Plants" (SRP), Section 4.2, "Fuel System Design," ~evision 3, 
March 2007 (ADAMS Accession No: ML070740002). 

Attachment: Resolution of Comments 

Principle Contributors: 

Date: June 3, 2019 

A. Patel, NRC/NRR/DSS 
P. Clifford, NRC/NRR/DSS 



RESOLUTION OF COMMENTS BY THE OFFICE OF NUCLEAR REACTOR REGULATION 

ON DRAFT SAFETY EVALUATION FOR TOPICAL REPORT BAW-10227, REVISION 1, 

SUPPLEMENT 1P, "EVALUATION OF ADVANCED CLADDING AND STRUCTURAL 

MATERIAL (MS) IN PWR REACTOR FUEL" 

FRAMATOME, INC. 

PROJECT NO. 728; DOCKET NO. 99902041 

This attachment provides the U.S. Nuclear Regulatory Commission (NRC) staff's review and 
disposition of the comments made by Framatome Inc. (Framatome) on the draft safety 
evaluation (SE) for Topical Report BAW-10227, Revision 1, Supplement 1 P, "Evaluation of 
Advanced Cladding and Structural Material (M5) in PWR [pressurized water reactor} Reactor 
Fuel." Framatome provided the comments by letter dated May 16, 2019 (Agencywide 
Documents Access and Management System Accession No. ML 19140A065). 

Page Line Proposed Change/Comment 
NRC Resolution of Proposed 
Change/Comment 

2 47 Change "13" to "W' The NRC staff accepts the proposed 
editorial change. The change was 
made accordingly in the final SE. 

2 50 Change "particles" to "particle The NRC staff accepts the proposed 
sizes" editorial change. The change was 

made accordingly in the final SE. 

Attachment 
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ABSTRACT 

The purpose of this supplement is to extend the range of applicability of models and 

correlations for MS® and to modify the composition limits for MS® accordingly. The 

supplement provides evidence that implementing the modified composition limits will not 

have a significant effect on the performance of the material. 

The modified composition limits for MS® are provided. The effects on microstructure and 

texture are examined and found to be insignificant. 

The effects of the modification on material properties are evaluated. In each case, the 

effect of the modification is found to be insignificant. 

Development of the modified composition limits included irradiation of test samples and 

test assemblies. The success of these irradiations provides further support for the 

appropriateness of the modification. 

Because the properties and performance of MS® are unchanged, existing approved 

topical reports and analyses remain valid and need not be reviewed again. 



AREVA Inc. BAW-10227NP 
Revision 1 , Supplement 1 

Evaluation of Advanced Cladding and Structural Material (MS) in PWR Reactor Fuel 
Topical Report Page 1-1 

1.0 INTRODUCTION 

The U.S. Nuclear Regulatory Commission has approved AREVA's advanced cladding 

and structural material, M5®, for fuel reload licensing applications (safety evaluation of 

Reference 1 ), and MS® has been used successfully in many pressurized water reactors 

(PWRs). 

The purpose of this supplement is to extend th.e range of applicability of models and 

correlations for M5® and to modify the composition limits for MS® accordingly. Evidence 

is proviaed that the new limits will not have a significant effect on fuel performance. 

Section 1.20 of Reference 1 sets a maximum iron concentration of [ ] ppm Fe 

( [ ] µg Fe lg metal). This supplement extends the range of applicability of the 

models and correlations approved in Reference 1 to a maximum iron concentration of 

[ ] ppm. Since the supplement does not revise any models or correlations, 

citations of Reference· 1 in Technical Specifications and Core Operating Limits Reports 

are sufficient; a specific reference to this supplement is not required. 

Limits on alloying elements (niobium, oxygen, and sulfur for MS®) are established to 

determine the behavior of the alloy, whereas limits on impurities are established to 

ensure product uniformity. Because the modification is an adjustment to the 

concentration limit for one impurity element; the name "MS®" will be retained. 
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[ ] Iron is present as 

an impurity in zirconium sponge, and the current state of the art in zirconium production 

allows reliable production of ingots with iron concentrations no greater than [ ] 

ppm. [ 

] 
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2.0 SUMMARY 

This supplement provides evidence that increasing the maximum iron concentration to 

[ ] ppm will not have a significant effect on fuel performance. Because material 

properties determine performance, the strategy is to examine each relevant material 

property and show that it is not significantly affected. The details of the strategy are 

adjusted as needed for individual properties. For example, impurities are expected to 

have very little influence on density, so a simple treatment based on the rule of mixtures 

is appropriate. In contrast, mechanical properties could be affected by impurities, so 

experimental results
1
.are presented to demonstrate that modifying the iron concentration 

limit will not have a significant effect. 

Some of the measurements reported in this supplement are for iron concentrations 

greater than the limit of [ ] ppm Fe. For example, data may be presented for a 

concentration of [ ] ppm Fe. That approach provides assurance that alloy 

behavior up to [ ] ppm Fe is bounded by the data. 

Section 3.0 provides a modified definition of M5®, along with qualitative information to 

support the equivalence of material manufactured according to the new and old 

definitions. 

Section 4.0 follows the organization of the safety evaluation of Reference 1. The 

material properties discussed in Sections 2.0 and 3.3 of the safety evaluation are 

reviewed, and in each case the modification is found to have an insignificant effect. 

Section 5.0 describes irradiation experience for commercial fuel that used a variant of 

M5® with 1000 ppm Fe. It demonstrates that the combination of the experience and 

ARE\'/A's normal product surveillance is sufficient to ensure safe operation. 



AREVA Inc. BAW-10227NP 
Revision 1, Supplement 1 

Evaluation of Advanced Cladding and Structural Material (M5) in PWR Reactor Fuel 
Topical Report Page 3-1 

3.0 MATERIAL DEFINITION 

This supplement modifies the iron concentration limit for M5® and sets a maximum iron 

concentration of [ ] ppm. All other concentration limits remain as specified by the 

tables in Section 1.20 of Reference 1 . 

The metallurgical state of the cladding remains as described in Sections 5.0, A.1.2, and 

1.4 of Reference 1. Effects of the modification on microstructure and metallurgical 

texture are discussed in Section 3.1 below. 

3.1 Microstructure and Texture 

Microstructure and texture are not considered in fuel performance analyses, but 

understanding of these properties provides added confidence that the effects of the iron 

concentration are understood. 

Comparisons of microstructure and metallurgical texture for alloys with different iron 

concentrations provide evidence that modifying the iron concentration limit will not have 

significant effects. M5® has a fully recrystallized microstructure, characterized by an a-Zr 

matrix with two types of uniformly distributed precipitates: body-centered cubic ~-Nb 

precipitates and hexagonal Laves phase (Zr(Nb,Fe)z) intermetallic precipitates. Figure 1 

of Reference 2 provides photomicrographs for samples with three different 

concentrations of iron (330, 412, and 900 ppm). The sizes of the precipitates and a-Zr 

grains are unaffected by the iron concentration (Reference 2, page 162). 

Metallurgical texture, as expressed by the basal plane Kearns factors, has been 

examined for M5® and variants of M5®with six iron concentrations from 240 to 970 ppm 

(page 166 and Table 1 of Reference 2). A significant dependence of the Kearns factors 

on iron concentration was not seen. 
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4.0 MATERIAL PROPERTIES 

The following subsections discuss how modifying the iron concentration limit will affect 

the material properties of M5®, and they provide evidence that the modification will not 

cause significant effects on fuel performance. 

Several of the materials properties discussed below are structure-insensitive. Because 

of the smallness of the change in the iron concentration limit, structure insensitivity 

alone' is considered to be sufficient to show that the effect of iron on these properties will 

be insignificant. Certain subsections also use the rule of mixtures to estimate the 

magnitude of the effect. AIJhough the rule of mixtures is customarily applied to 

composites, the approach is appropriate here because the purpose of the calculations is 

to provide a rough, order-of-magnitude estimate. In each case, the calculated effect is 

much smaller than the uncertainty in the recommended value. 

Density, the coefficient of thermal expansion, specific heat capacity, Poisson's ratio, and 

the modulus of elasticity are structure-insensitive properties (page 86 of Reference 3), 

so a small change in composition is not expected to have a significant effect. That 

statement might be questioned near a phase transformation temperature because these 

properties depend on which zirconium phase (alpha or beta) is present. However, it is ·, 

shown in Section 4.17 that the addition of [ ] ppm Fe will not have a significant 

effect on the transformation temperature, so the discussions of these properties 

consider only the individual phases. Emissivity is also a structure-insensitive property 
I 

(Table 2 on page 95 pf Reference 4), but for oxidized material it is determined by the 

properties of the oxide, not those of the underlying metal, so the alpha-to-beta phase 

transformation temperature is not relevant. 

Evaluations of structure-insensitive properties may report values with greater precision 

than could be justified from experimental data. The intention is to show the smallness of 

the expected change so that its magnitude can be compared to the uncertainty in the 

recommended values. 
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4.1 Density 

Density is a structure-insensitive property (page 86 of Reference 3), so a small change 

in composition is not expected to have a significant effect. A rough estimate of the effect 

of iron on density may be obtained by applying the rule of mixtures: 

1 
p = XFe + XMs 

PFe PMS 

where p, PFe, and PMs are the densities of the mixture, iron, and MS®, respectively, and 

.,\'fe and AMS are the mass fractions of added iron and M5®, respectively. 

Recommended values of the room temperature density are PMs = [ ] g/cm3 and 

PFe = 7.870 g/cm3 (Reference 5, page 743)'. For .,\'fe = [ ] and AMS= [ ] ' 

the magnitude of the calculated change in density was about [ . ] g/cm3, which 

is much smaller than the reported uncertainty of [ ] g/cm3
. 

Because the change in density is much smaller than the uncertainty, the effect of the 

modification will not be significant. The density of M5® remains applicable for iron 

concentrations up to [ ] ppm. 

4.2 Coefficient of Thermal Expansion 

The coefficient of thermal expansion is a structure-insensitive property (page 86 of 

Reference 3), so a small change in composition is not expected to have a significant 

effect. A rough estimate of the effect of iron on thermal expansion may be obtained by 

applying the rule of mixtures: 



AREVA Inc. BAW-10227NP 
Revision 1, Supplement 1 

Evaluation of Advanced Cladding and Structural Material (MS) in PWR Reactor Fuel 
Topical Report Page 4-3 

where ~ llFe, and llM:s are the coefficients of thermal expansion of the mixture, iron, and 

M5®, respectively, and AFe and XMs are the mass fractions of added iron and M5®, 

respectively. Because iron and zirconium both change phases at high temperature, the 

coefficient of thermal expansion is evaluated for a temperature range that includes 

normal operating conditions and again for a high temperature that is representative of 

accident conditions. 

The coefficient of thermal expansion for M5® is anisotropic,· but for a rough calculation it 

is acceptable to use the mean of the values in the axial, radial, and tangential directions: 

llM:s = [ ] Over 

the same temperature range, llFe varies from about 12·10-6 K-1 to 17·10-6 K-1 

(Reference 5, Figure 16). For AFe = [ ] and AMS = [ ] , the magnitude 

of the calculated change in the coefficient of thermal expansion is limited to about 

[ ] , which is much smaller than the reported uncertainty of [ ] for this 

temperature range. 

The calculation was repeated at high temperature, where the beta phase of zirconium 

and the gamma phase of iron are stable. A temperature of 1000 °C is taken as 

representative. At that temperature llFe = 23·1 o-6 K-1 (Reference 5, Figure 16) and · 

llM:s = [ ] K-1
. (Both coefficients are isotropic.) For A"Fe = [ ] and 

AMS = [ ] , the magnitude of the calculated change in the coefficient of thermal 

expansion is about [ ] , which is· much smaller than the reported uncertainty of 

[ ] at this temperature. 

Because the change in the coefficient of thermal expansion is much smaller than the 

uncertainty, the effect of the modification will be negligible. The coefficient of thermal 

expansion of M5® remains applicable for iron concentrations up to [ . ] ppm. 
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4.3 Thermal Conductivity 

Thermal conductivity is typically considered to be a structure-sensitive property. In spite 

of that, a small change in the iron concentration of M5® is not expected to have a 

significant effect. The alpha phase is evaluated first and then the beta phase. Because 
~ 

the additional iron does not significantly affect the thermal conductivity of either the 

alpha or the beta phase, the iron will likewise riot affect the thermal conductivity in the 

alpha + beta temperature range. 

At room temperature and under normal operating conditions, M5® is predominantly an a

Zr matrix with ~-Nb precipitates and hexagonal Laves phase precipitates (Zr(Nb,Fe)2) 

(page 162 of Reference 2). Heat conduction is primarily through the matrix because the 

volume fraction of the precipitates is small. Because the matrix is already saturated with 

iron, as is evidenced by the presence of the Laves phase precipitates, an increase in 

iron concentration to [ ] ppm will not change the composition or thermal 

conductivity of the matrix phase. And even at [ ] ppm Fe, the concentration of 

elements other than zirconium is small, so the volume fraction of precipitates will remain 

small. 

A different approach is needed for the beta phase because niobium, iron, and oxygen 

will be in solid solution. The concentration of niobium in the solid solution will be [ 

] ppm and that of oxygen will be [ ] ppm (Section 1.20 of 

Reference 1 ). In comparison, a [ ] ppm increase in the maximum iron 

concentration is a minor change in composition, and the effect on thermal conductivity 
I 

will be small. Because the change in the thermal conductivity is small, the thermal 

conductivity of M5® remains applicable for iron concentrations up to [ ] ppm. 
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4.4 · Specific Heat Capacity 

Specific heat capacity is a structure~insensitive property (page 86 of Reference 3), so a 

small change in composition is not expected to have a significant effect. A rough 

estimate of the effect of iron on specific heat capacity may be obtained by applying the 

rule of mixtures: 

where c, lFe, and CMs are the specific heat capacities of the mixture, iron, and M5®, 

respectively, and XFe and XM:s are the mass fractions of added iron and M5®, 

respectively. The specific heat capacities of iron and zirconium depend in a complicated 

way on temperature (Figure 18 of Reference 5), so the effect of adding [ ] ppm 

Fe (XFe = [ ] and XM:s = [ ] ) was evaluated at [ ] oc. 

Key values are given in Table 4-1. The magnitude of the largest change was about 

[ ] , which is much smaller than the reported uncertainty of [ ] 

Because the change in the specific heat capacity is much smaller than the uncertainty, 

the effect of the modification will not be significant. The specific heat capacity of M5® 

remains applicable for iron concentrations up to [ ] ppm. 

Table 4-1 Evaluation of Heat Capacity of M5® 

Heat Capacity 
Molar Specific 
Iron Iron (CFe), M5® (CMs), M5® with 

( lFel11Fe), J / g·K J / g·K [ ] 
Temperature, Temperature, J / mol·K ppm Fe (c), 

oc K J / g·K 
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4.5 Emissivity 

Emissivity is a structure-insensitive property (Table 2 on page 95 of Reference 4), so a 

small change in composition is not expected to have a significant effect. A rough 

estimate of the effect of iron on emissivity may be obtained by applying the rule of 

mixtures: 

where E, tFe, and £Ms are the emissivities of the mixture, iron, and M5®, respectively, and 

XFe and AMS are the mass fractions of added iron and M5®, respectively. 

AREVA uses various models for the emissivity of M5® that have been approved for 

different applications. Examples include the value given on page 1-73 of Reference 1 

and the correlation given in Section 10.6.3 of Reference 6. 

A conservative worst case that applies to all the models is tFe = 0, which corresponds to 

no radiation from the iron. For XFe = [ ] and AMS= [ ] , the magnitude 

of the calculated change in the emissivity is [ ] , which is much smaller than the 

. reported uncertainty of [ ] 

Because the change in emissivity is much smaller than the uncertainty, the effect of the 

modification will not be significant. The emissivity of M5® remains applicable for iron 

concentrations up to [ ] ppm. 

4.6 Oxidation Resistance 

Oxidation includes both aqueous corrosion under normal operating conditions and high

temperature oxidation during a loss-of-coolant accident. The two processes are 

evaluate_d in the following subsections. 
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4.6.1 Aqueous Corrosion 

Numerous tests have been performed to demonstrate that M5® with [ ] to 

[ ] ppm Fe has corrosion performance at least as good as that of M5® with up to 

[ ] ppm Fe: 

• Five alloys with iron concentrations from 273 ppm to 1330 ppm were tested in 

simulated primary coolant water (360 °C and 18.6 MPa, with 650 ppm Band 1.5 

ppm Li). Total exposure times were up to 890 days. Only a small effect of iron was 

seen, which was that the oxide thickness at intermediate times was slightly lower for 

alloys with high iron concentrations (page 162 and Figure 2 of Reference 2). 

• The same five alloys were tested in steam at 415 °C for up to 850 days. (Tests of 

alloys with 360, 625 and 1330 ppm Fe were terminated after 650, 600, and 650 

days, respectively.) Iron concentrations from 28~ ppm to 1330 ppm provided 

corrosion performance better than that for 273 ppm Fe (page 162 and Figure 3 of 

Reference 2). 

• The five alloys were also tested at 360 °C in water with 70 ppm Li for up to 300 days. 

Increasing the iron concentration provided progressive improvements in resistance 
' 

to acceleration of corrosion (page 164 and Figure 4 of Reference 2). [ 

] showed a 

slight improvement [ ] 

• Fuel cladding made from a variant of M5® with an iron concentration of about 1000 

ppm was irradiated in French and German power reactors. The fuel was tested to a 

fuel rod average burnup of 66 GWd/MTU, and the cladding had oxide thicknesses 

that were consistently in the lower range of what has been observed for M5® (pages 

167 to 168 and Figure 10 of Reference 2). Because the oxide thicknesses were 

within the range of experience, but the iron concentration was greater than [ ] 

ppm, it is concluded that M5® with [ ] to [ ] ppm Fe will give corrosion 
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performance equivalent to that of M5®with up to [ ] ppm Fe. 

• Axial oxide profiles were measured on two of the fuel rods described above. One rod 

had M5® cladding with 350 ppm Fe and was irradiated to 55.6 GWd/MTU; the other 

had a variant of MS®with 1000 ppm Fe and was irradiated to 51.8 GWd/MTU. Both 

rods were irradiated in the same plant during the same cycles. The cladding with the 

higher iron concentration had a smaller maximum oxide thickness and less variation 

in oxide thickness with elevation (pages 168 to 170 and Figures 11 and 12 of 

Reference 2). Because the iron concentration of that rod was greater than [ ] 
·1 

ppm, it is concluded that M5®with [ ] to [ 

performance equivalent to that of MS® with up to [ 

Together, the tests confirm that M5®with [ ] to [ 

performance at least as good as that of M5® with up to [ 

4.6.2 High Temperature Oxidation 

] ppm Fe will give corrosion 

] ppm Fe. 

] ppm Fe has corrosion 

] ppm Fe. 

Cladding tubes with iron concentrations of 195, 350, and 715 ppm were subjected to 

one-sided steam oxidation at 1000 °C. The breakaway time and the oxidation kinetics 

before breakaway did not show an effect of iron concentration. Performance was 

variable after breakaway, but the results for an iron concentration of 715 ppm were 

similar to those for concentrations of 195 and 350 ppm (pages 174 to 176 and Figures 

21 to 23 of Reference 2). Additional information about the breakaway oxidation tests is 

provided in Reference 7. 

Section 5.1 of the safety evaluation for Reference 1 discusses (1) the use of the Baker

Just correlation for high temperature oxidation performance and (2) the criterion of 17% 

maximum local oxidation. Approved methods and regulatory criteria associated with the 

high temperature oxidation performance of M5® remain applicable with this supplement. 
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[ ] , it is 

concluded that M5® with [ ] to [ ] ppm Fe has high temperature oxidation 

performance equivalent to that of M5® with up to [ ] ppm Fe. 

4. 7 Ultimate Tensile Strength 

Recent measurements on M5® and variants of M5®with iron concentrations up to 100a' 

ppm show a slight trend toward increased ultimate tensile strength as the iron 

concentration increases (Figures 6 and 7 of Reference 2). The increase was seen at 

both room temperature and 400 °C (page 166 of Reference 2). However, the effect of 

iron concentration was small, and the results for the experimental tubes were similar to 

those for industrially processed MS®. 

The effect of iron concentration on the ultimate tensile strength in burst loading has not 

been studied, but the increase in strength in uniaxial tests provides confidence that the 

burst strength will either remain constant or increase slightly as the iron concentration 

increases. 

On the basis of the available data, the ultimate tensile strength of M5® remains 

applicable for iron concentrations up to [ ] ppm. [ 

] 

4.8 Yield Strength (0.2% Offset) 

Recent measurements on M5® and variants of M5® with iron concentrations up to 1000 

ppm show a slight trend toward increased yield strength as the iron concentration 

increases (Figures 6 and 7 of Reference 2). The increase was seen at both room 

temperature and 400 °C (page 166 of Reference 2). However, the effect of iron was 

small, and the results for the experimental tubes were similar to those for industrially 

processed M5®. 
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The effect of iron concentration on the yield strength in burst loading has not been 

studied, but the increase in strength in uniaxial tests provides confidence that the burst 

strength will either remain constant or increase slightly as the iron concentration 

increases. 

On the basis of the available data, the yield strength of M5® remains applicable for iron 

concentrations up to [ ] ppm. [ 

] -' 

4.9 Ductility 

Recent measurements on MS® and variants of MS® with iron concentrations up to 1000 

ppm show little to no change in ductility (total elongation) as the iron concentration 

increases (Figure 8 of Reference 2). The: lack of change in ductility applies at both room 

temperature and 400 °C (page 166 of Reference 2). The results for the experimental 

tubes fall within the range of scatter for industrially processed M5®. 

No change in ductility is evident; therefore there is no effect on fuel performance. The 

ductility of M5® remains applicable for iron concentrations up to [ ] ppm. [ 

] 

4.10 Creep Re~istance 

Creep affects the performance of both fuel rods and guide tubes. For fuel rod cladding, 

tangential creep is of primary importance because it affects the size of the pellet

cladding gap and thus pellet temperature. Axial creep is less important, though it does 

affect shoulder gap and void volume. For guide tubes, axial creep is of primary 

importance because itaffects fuel assembly growth. Tangential creep is not significant 

because the pressure difference between the inside and the outside of a guide tube is 

small. The following subsections discuss these two components. 
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4.10.1 Fuel Rod Cladding 

Both in-pile and out-of-pile creep tests have been used to determine the effects of iron 

concentration. M5® and variants of M5®with iron concentrations up to 900 ppm were 

tested in 240-hour laboratory creep tests at 400 °C with hoop stress levels of 130 and 

160 MPa (page 166 and Figure 9 of Reference 2). A slight trend of increasing strains 

. was observed with increasing iron concentration. However, thermal creep provides only 

· a small contribution to the total creep strain for steady-state operation (Section 7.1.3.1 

of Reference 6), so in-pile creep tests were used to obtain more prototypical results. 

Sealed cladding tube segments with 310 and 935 ppm Fe, both with 1 bar internal 

pressure, were irradiated in guide tubes of commercial fuel assemblies (Figure 15 and 

page 171 of Reference 2). A hoop stress of -113 MPa resulted from the system 

pressure, and temperatures were 306 to 339 °C. Samples with 310 ppm Fe were found 

to creep at a rate that was similar to that for samples with 935 ppm Fe (Figure 15 of 

Reference 2). Diameter measurements were also taken on actual fuel rods during the 

period before contact between the cladding and pellets. The creep rates were similar for 

MS® and a variant of MS® with about 1000 ppm Fe (page 171 and Figure 16 of 

Reference 2). 

Axial and tangential (diametral) creep are related by anisotropy coefficients, and t,he 
( 

effect of iron concentration on tangential creep is small, so the effect of iron on axial 

creep is likewise expected to be small. 

In light of these evaluations, the variation in creep rate with iron concentration is 

considered to be insignificant. The creep properties of MS® cladding remain applicable 

for iron concentrations up to [ ] ppm. 
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4.10.2 Guide Tubes 

Guide tubes typically operate under uniaxial stresses of [ ] MPa to [ ] MPa, 

so the stress state is different from that of fuel rod cladding, and the absolute stress 

levels are lower. Tubing samples of a similar geometry, made from fuel cladding, have 

been tested in BOR-60 under uniaxial stresses of [ 

concentrations of these samples were [ 

] MPa. The iron 

] ppm. [ 

] Guide tube samples were also tested, [ 

] It is reasonable to conclude that 

an increase in iron concentration from [ ] to [ ] ppm would likewise not 

have a significant effect on creep, and that the creep properties of M5® guide tubes 

remain applicable for iron concentrations up to [ ] ppm. 

4.11 Poisson's Ratio 

Poisson's ratio is a structure-insensitive property (page 86 of Reference 3), so a small 

change in composition is not expected to have a significant effect. A rough estimate of 

the effect of iron on Poisson's ratio may be obtained by applying the rule of mixtures: 

where v, 111e, and 11v1:s are the values of Poisson's ratio for the mixture, iron, and MS®, 

respectively, and XFe and XM:s are the mass fractions of added iron and M5®, 

respectively. Recommended values of Poisson's ratio are 11v1:s = [ ] 

(temperatures between [ 

(Reference 5, page 757). For XFe = [ 

] °C) and 111e = 0.291 (room temperature) 

] and XM:s = [ 

of the calculated change in Poisson's ratio was about [ 

smaller than the reported uncertainty of [ ] 

] , the magnitude 

] , which is much 



AREVA Inc. 
Revision 1, Supplement 1 

Evaluation of Advanced Cladding and Structural Material (MS) in PWR Reactor Fuel 
Topical Report Page 4-13 

Because the change in Poisson's ratio is much smaller than the uncertainty, the effect 

of the modification will be negligible. The value of Poisson's ratio for M5® remains 

applicable for iron concentrations up to [ ] ppm. 

4.12 Modulus of Elasticity 

The modulus of elasticity is a structure-insensitive property (page 86 of Reference 3), so 

a small change in composition is not expected to have a significant effect. A rough 

estimate of the effect of iron on the modulus of elasticity may be obtained by applying 

the rule of mixtures: 

where E, EFe, and £Ms are the values of the modulus of elasticity for the mixture, iron, 

and M5®, respectively, and XFe and XMs are the mass fractions of added iron and MS®, 

respectively. Recommended values of the modulus of elasticity at room temperature are 

] GPa and EFe = 208.2 GPa (Reference 5, page 757). For XFe = [ ] 

and XMs = [ ] , the magnitude of the calculated change in the modulus of 

elasticity was about [ ] , which is much smaller than the reported uncertainty of 

[ ] 

Because the change in the modulus of elasticity is much smaller than the uncertainty, 

the effect of the modification will b~ negligible. The modulus of elasticity for M5® remains 

applicabl~ for iron concentrations up to [ ] ppm. 

4.13 Meyer's Hardness 

The same equation has been used for the Meyer's hardnesses of both MS® and 

. Zircaloy-4 (Section A.3.5 of Reference 1 ). It is noted on page 1-54 of Reference 1 that 

Meyer's hardness for M5® is overestimated it'the value for Zircaloy-4 is used. The result 

is that fuel temperatures will be slightly overpredicted, and the results of fuel rod 

analyses will be slightly conservative. 
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For M5® and variants of M5®with iron concentrations up to 1000 ppm, the ultimate and 

yield tensile strength increase slightly with increasing iron concentration (see Sections 

4.7 and 4.8), so it is expected that Meyer's hardness will increase slightly as well. That 

change will_ reduce _the amount of conservatism slightly. But M5® is used in the 

recrystallized state, whereas Zircaloy-4 is used in the cold worked, stress relieved state, 

so even with additional iron, the hardness of M5®wm remain lower than that of Zircaloy-

4, and using the Meyer's hardness of Zircaloy-4 remains conservative. The Meyer's 

hardness for M5® remains applicable for iron concentrations lip to [ ] ppm. 

4.14 Growth Rate 

Growth of a fuel component reflects both free growth, which is induced by fluence and 

hydrogen, and creep, which results from stress on the component. The effect of iron 

concentration on creep is discussed in Section 4.1 O; this section first reviews 

experiments concerning the effect of iron on free growth and then discusses actual 

growth of fuel assembly components. 

4.14.1 Free Growth 

Free growth has been measured on samples of M5® and a variant of MS® with about 

1000 ppm Fe (pages 172 to 173 of Reference 2). The samples were irradiated in 
' 

commercial reactors to fast fluences (E > 1 MeV) of about 20 x 1025 n/m2
. Figure 18 of 

Reference 2 shows that the increase in iron concentration has little effect at fluences 

below 10 x 1025 n/m2
. At 10 x 1025 n/m2

, there appears to be slightly more growth for 

the variant with 1000 ppm ·Fe, and at fluences of about 13 x 1025 n/m2 and up, the free 

growth is about 0.1 % (absolute strain) greater for the variant with 1000 ppm Fe. 
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A second set of free growth experiments [ 

] 

) 

A third set of free growth experiments was performed by AREVA [ 

] 
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Figure 4-1 Growth of Zr - 1 % Nb Alloys 
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Figure 4-2 Growth of Cladding Made from MS® and a Variant of MS® 
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4.14.2 Growth of Fuel Assembly Components 

The aspects of growth that are of interest in fuel design are fuel rod axial growth and 

fuel assembly axial growth. These are discussed in the following paragraphs. 

The combined effects of free growth and creep have been investigated by measuring 

fuel rod axial growth. Fuel rods with cladding made from a variant of M5® with about 

fOOO ppm Fe were tested in two European reactors. As is shown in Figure 17 of 

Reference 2, the amount of fuel rod growth was within the scatter band for global 

experience with M5®, typically on the low side for the individual reactors. The slight 

reduction in fuel rod growth will result in a slightly larger shoulder gap, which is not 

detrimental to fuel performance. Therefore, models of fuel rod growth for M5® remain 

applicable for iron concentrations up to [ ] ppm. 

Fuel assembly axial growth would be affected by changes in the rates of creep and free 
' 

growth of the guide tubes. Creep is discussed in Section 4.10, and the experiments 

discussed in Section 4.14.1 provide various insights into the effect of iron on free 

growth: 

• The results reported in Figure 18 of Reference 2 for samples in commercial reactors 

show that an iron concentration of 1000 ppm produces an increase in growth by up 

to 0.1 % (absolute strain) at high fluences. The results suggest that the extra iron and 

gradually accumulating hydrogen could have a combined effect on growth. But the 

· increase only becomes evident near the expected fluence at end of life ( [ 

] ), and 1000 ppm Fe corresponds to [ 

] 

. [ 
] 
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• AREVA's free growth tests [ 

1 

The available results are consistent with a conclusion that existing models of fuel 

assembly growth in approved designs with M5® components remain applicable for iron 

concentrations up to [ ] ppm. 

4.15 Resistance to Hydriding 

Hydrogen concentration has been measured on a fuel rod with cladding made from a 

variant of M5®with about 1000 ppm Fe. The hydrogen concentration at a fuel rod 

average burnup of 53.9 GWd/MTU was within the range that would have been expected 

with M5® with up to [ ] ppm Fe (pages 170 and 171 and Figures 13 and 14 of 

Reference 2; also see the discussion on page 181 of Reference 2). Hydride morphology 

was also similar to that of M5®with up to [ ] ppm Fe (Figure 14 of Reference 2). It 

is concluded that current models for hydriding of M5® remain applicable for iron 

concentrations up to [ ] ppm. 
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4.16 Stress Corrosion Cracking Resistance 

The modified iron concentration limit will not have a significant effect on stress corrosion 

cracking. As is discussed in Section 4.3 above, M5® is predominantly an a-Zr matrix with 

13-Nb precipitates and hexagonal Laves phase precipitates (Zr(Nb,Fe)2) (page 162 of 

Reference 2). Because the matrix is saturated with iron, an increase in iron 

concentration will not change the composition of the matrix phase. Additional iron will 

result in additional Laves phase precipitates, but their volume fraction will remain small 

because the iron concentration is small. The number of Laves phase precipitates also 

remains small in comparison to the number of 13-Nb precipitates (page 162 of 

Reference 2). Because the change in composition will have no effect on the matrix and 

only a small effect on the precipitates, the susceptibility of M5® to stress corrosion 

cracking will not change significantly. Analyses for stress corrosion cracking of M5® 

remain applicable for iron concentrations up to [ ] ppm. 
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4.17 a ---+ p Phase Transformation Temperature 

The effect of the modified iron GOncentration limit on the phase transformation 

temperatures has been investigated. The lower transformation temperature 

(a-Zr---+ a-Zr+ 13-Zr upon heating) is a eutectoid point. Because the solubility of iron in 

a-Zr never exce~ds [ 

concentration from [ 

] ppm (Figure 11 of Reference 8), an increase in iron 

] to [ ] ppm will not affect the lower transformation 

temperature. The 9ependence of the upper transformation temperature (a-Zr+ 13-Zr -

13-Zr upon heating) may be estimated from the zirconium-iron phase diagram (page 

1129 of Reference 9). The upper transformation temperature varies from 863 °C at 0% 

Fe to 795 °Cat (100 - 97.80)% Fe= 2.20% Fe= 22000 ppm Fe. The estimated effect 

of an extra [ ] ppm Fe on the transformation temperature is therefore [ 

] °C. For comparison, variations in heating 

rates comparable to those in a LOCA can change the observed transformation 

temperature by tens or even hundreds of degrees Celsius (Figures 7 to 9 of Reference 

10), so the effect of modifying the iron concentration is not significant, and there will not 

be a significant effect on fuel performance. The phase transformation temperatures of 

M5® remain applicable for iron concentrations up to [ ] ppm. 

4.18 Fatigue Strength 

The O'Donnell and Langer design curve (Reference 11) was developed for Zircaloy-2 

but has been applied to a variety of zirconium-base alloys, including M5® (Sections 3.6, 

K.2.2, and K.11 of Reference 1) and Zircaloy-4 (page 4 of Reference 11; Section 4.2. 7 .2 
r 

of Reference 12). Because the differences in composition between the alloys listed 

above are large in comparison to an addition of [ ] ppm Fe, the fatigue design 

curve for M5® remains applicable for iron concentrations up to [ . ] ppm. 



AREVA Inc. BAW-10227NP 
Revision 1, Supplement 1 

Evaluation of Advanced Cladding and Structural Material (M5) in PWR Reactor Fuel 
Topical Report Page 5-1 

5.0 

[ 

[ 

[ 

IRRADIATION EXPERIENCE 

] test assemblies (16x16) were inserted into the German reactor 

] (Page 171 and Figure 17 of Reference 2 refer to [ ] as reactor C.) 

] for which the cladding was a variant of 

MS® with about 1000 ppm Fe. [ 

\ 
·\ 

] The 

assemblies were irradiated [ ] , attaining a maximum fuel assembly 

burn up of approximately 53 GWd/MTU. 

] test assemblies (17x17) were inserted into the French reactor [ 

[ 

[ 

] (Page 171 and Figure 17 of Reference 2 refer to [ ] as reactor Q.) 

[ 

[ 

GWd/MTU. 

] with the same variant. 

] The assemblies were irradiated 

] , attaining a maximum fuel assembly burnup of approximately 63 

Table 5-1 provides a summary of the commercial experience with these assemblies. 

Burn ups reported in the table are the maximum for the set of assemblies under 
. I 

irradiation. The experience provides confidence that the commercial experience with 

MS® remains applicable for iron concentrations up to [ ] ppm. 
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Table 5-1 Summary of Commercial Experience 

Examinations 

FA Design, Number Date 
Maximum Number of FAs Examined 

Reactor 
Lattice of FAs Inserted 

FA Burnup Cycle FA Burnup 
(GWd/MTU) Number v· 1 I FR I FR I FR (GWd/MTU) 

isua Lengt~ Diameter Oxide 

/ 
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May4, 2017 
NRC:17:021 

U.S. Nuclear Reguiatory Commission 
Document Control Desk 
11555 Rockville Pike 
Rockville, MD 20852 

A 
A.REVA 

Request for Review and Approval of BAW-10227, Revision 1, Supplement lP, "Evaluation of Advanced 
Cladding and Structural Material (MS) in i>WR Reactor Fuel" 

Ref.1: Letter, James F. Mallay (Framatome ANP), to Document Control Desk (NRC), "Publication of 
BAW-10227P-A, Revision 1, "Evaluation of Advanced Cladding and Structural Material (MS) in 
PWR Reactor Fuel'/' NRC:d4:02i, April 19, 2004. 

AREVA Inc. (AREVA) published topical report (TR) BAW-10227P-A, Revision 1, "Evaluation of Advanced 
Cladding and Structural Material (MS) in PWR Reactor Fuel, June 2003" in Referenc~ 1 after receiving 
NRC approval. 

AREVA requests the NRC's review and approval ofTR BAW-10227, Revision 1, Supplement lP, 
"Evaluation of Advanced Cladding and Structural Material {MS) in PWR React9r Fuel". Thi~ supplement 
extends the range of applicability of the models and methods previously approved for MS, and 
demonstrates that the properties and performance of MS are unchanged with the modified 
composition; therefore, existing approved topical reports and analyses re.main valid. 

AREVA would appreciate the NRC approval of this topical report by April 2020, 

AREVA considers some of the material contained in the enclosed document to be proprietary. As 
required by 10 CFR 2.390(b), an affidavit is enclosed to support the withholding of the information from 
public disclosure. A proprietary version and a none-proprietary version of the report are enclqsed. 

There are no commitments within this letter or its enclosures. 

If you have any questions related to this information, please contact Mr. Tom Ryan by telephone at 
(434) 832.:.3152, or by e-mail at Tom.Ryan@ar:eva,com. 

Sihcerely, 

~?~ 
Gary Peters, Director 
Licensing & Regulatory Affairs 
AREVA Inc. 

AREVA INC. 

3315 Old Forest Ro.ad. Lynchburg, VA 24501 
Tel.: 434 832 3000 - www.areva.com 



Document Control Desk 

cc: J. G. Rowley 
Project 728 

Enclosures: 
1. A proprietary copy of topical report BAW-10227, Revisio.n 1, Supplement 1P 
2. A non-Proprietary copy of topical report BAW-10227, Revision 1, Supplement 1NP 
3. Notarized Affidavit 

NRC:17:021 
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AFFIDAVIT 

COMMONWEAL TH OF VtRGINIA ) 
' ) ss. 

CITY OF LYNCHBURG ) 

1. My name is Tom Ryan. I am Manager, Product Licensing, for AREVA Irie. 

(AREVA) and as such I am authorized to execute this Affidavit. 

2. I am familiar with the criteria applied by AREVA to determine whether certain 

AREVA information is proprietary. I am familiar with the policies established by 

AREVA to ensure the proper application of these criteria. 

3. I am familiar with the AREVA information contained in the AREVA 

document "BAW-10227P Evaluation of Advanced Cladding and Structural Material (M5) in P\/VR 

Reactor Fuel Topical Report, Revision 1, Supplement ·1, 11 and referred to herein as "Document" 

Information contained in this Document has been classified by AREVA as proprietary in 

accordance with the policies established by AREVA Inc. for the control and protection of 

proprietary and confidential information. 

4. This Document contains information of a proprietary and confidential nature 

and h3 of the type cust_orni;:irily held 1n confidence by AREVA i;:ind not made available ~o the 

" 

public. a::ised on my experi$nce; .I am aware thc1t other cornpanies regartj information of the 

kind contained in this Document as proprietary and confidential. 

5. This Document has been made available_ to the U.S. Nuclear R~gulatory 

Commission in confidence with the request that the information contained in this Document be 

withheld from public disclosure. The request for withholding of proprietary .information is made ih 

ac::cordance with 10 CFR 2.390. The information for which withhoiding frorn disc;Jos1,1re is 



requested qualifies under 10 CFR 2.390(a)(4) "Trade secrets and commercial or financial 

information." 

6. The following criteria are customarily applied by AREVA to determine whether 

information should be classified as proprietary: 

(a) The information reveals details of AREVA.'s research and development plan~ 

and programs or their results. 

(b) Use of the information by a competitor would permit the competitor to 

significantly reduce its expenditures, in time or resources, to design, produce, 

or market a similar product or service. 

(c) The information includes test data or analytical techniques concerning a 

process, methodology, or component, the application of which results in a 

competitive advantage for AREVA. 

(d) The information reveals certain distinguishing aspects of a process, 

methodology, or component, the exclusive use of which provides a 

competitive advantage for AREVA in product optimization or marketability. 

(e) The information is vital to a competitive advantage held by AREVA, would be 

helpful to competitors to AREVA, and would likely caus~ substantial harm to 

the competitive position of AREVA. 

The information in this Document is considered proprietary for the reasons set forth in 

p~ragraphs 6(a), 6(c) and 6(d) above. 

7. In accordance with AREVA's policies governing the protection anp control of 

information, proprietary information contained in this Document has been made available, on a 

limited basis, to others outside AREVA only as required and under suitable agreement providing 

for nondisclosure arid limited use of the inform·ation. 

8. AREVA policy requires that proprietary information be kept in a secured file or 

area a11d distributed on a heed-to-know basis. 



9. The foregoing statements are true a.nc:I correct to the best of my knowledge, 

information, and beUef. 

SUBSCRIBED before me this ~ --=-----
day of~ I 2017. 

Sherry L McFaden 
NOTARY PUBLIC, COMMONWEAL TH OF VIRGINIA 
MY COMMISSION EXPIRES: 10/3.1/18 
Reg. # 7079129 



UNITED STAT.ES. 
NUGLEAR R.EGULATORY COMMISSION 

Mr. Gary Peters, Director 
Licensing and Regulatory Affairs 
AREVA Inc. . 
3315 Old Forest Road 
Lynchburg, VA 24501 

WASHINGTON, D.C. 20555-0M:1 -

October 18, 2017 

SUBJECT: ACCEPTANCE FOR REVIEW OF AREVA INC. TOPICAL REPORT 
BAW-10227, REVISION 1, SUPPL,EMENT 1P "EVALUATION OF ADVANCED 
CLADDING AND STRUCTURAL MATERIAL (M5) IN PWR REACTOR FUEL" 
(CAC NO. MF9716) . 

Dear Mr. Peters 

By letter dated May 4, 2017 {Agencywide Documents Access and Management System 
Accession Number Ml 17130A708), AREVA Inc. (AREVA) submitted for U.S. Nuclear 
R~gulatory Commission (NRC) staff review Topical R~port (TR) BAW-10227, Revision 1, 
Supplement 1P, "Evaluation of Advanced Cladding and Structural Material (M5) in PWR 
[Pressurized Water Reactor] Reactor Fuel." The:NRC staff has performed an acceptance 
review of TR BAW-10227, Revision 1, Supplement 1 P. We have found that the material 
presented is sufficient to begin our review. The NRC staff expects to issue its request for 
1;1dditional information by November 2, 2018, and issue its draft safety evaluation (SE) by 
July 26, 2019. This schedule information takes in consideration the NRC's current review 
priorities and available technical resources and may be subject to change. If modifications to 
·these.dates are deemed necessary, we will provide appropriate updqtes to this information. 
The NRC staff estimates that the review will require approximately 400 staff hours including 
project management and contractor time.. The review schedule milestones and estimated 
review costs were discussed and agreed upon in an email exchange between AREVA Product 
licensing Manager, Nathan Hottle, and the NRC staff on October 9, 2017. 

$action 170.21 of Title 10 of the Code of Federal Regulations requires that TRs are subject to 
fees based on the full cost of the review. You did not request a fee waiver; therefore, NRC staff 
hours will be billed accordingly. 
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If you have questions regarding this matter, please contact ~o.nathan G. Rowley at 
(301) 415-40.53. 

Project No. 728 

\\' J) / 
Dennis C, , ief 
Licensing Processes anc 
Division of Licensing .. roj~c.s 
Office or Nuclear Reactor R gulation 




