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ABSTRACT

The purpose of this topical report is to present the definition and characteristics of
Framatome’s enhanced accident tolerant fuel (E-ATF) advanced cladding material
solution, chromium-coated (Cr-coated) M5rramatome Cladding. The topical report also
serves to extend the applicability of the Reference 1 suite of advanced codes and

methods to include Cr-coated cladding. U.S. Nuclear Regulatory Commission (NRC)
approval for Cr-coated M5eramatome cladding is requested to [ ] GWd/mtU fuel rod

average burnup.

A comparison of the applicable regulatory guidance in NUREG-0800 and the Interim
Staff Guidance (ISG) with the design evaluation input for Cr-coated M5framatome cladding
is provided.

The characteristics of the material, including the microstructure and manufacturing
process, are described. The irradiation experience with Cr-coated MSrramatome Cladding to

date is summarized.

The physical properties, mechanical behavior, oxidation and hydrogen pick-up fractions,
irradiation growth and creep are defined. The information that will be used in design
evaluations is summarized. The application of these properties to design evaluations is

summarized and the impact on component performance is discussed.

An assessment of the chromium (Cr) coating effects on the limits, codes, and
engineering methodologies is also included. The acceptability of the applicable
NRC-approved codes and methodologies to accurately model Cr-coated M5framatome
cladding behavior are also presented. Any necessary updates are described when

applicable.

The surveillance plans for Cr-coated MSrramatome Cladding behavior are presented.
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1.0 INTRODUCTION

The purpose of this topical report is to present the definition and characteristics for
chromium-coated (Cr-coated) MSrramatome (also referred to as M5) cladding for use as an
advanced cladding material in pressurized water reactor (PWR) fuel assemblies and to

extend the applicability of the Reference 1 suite of codes and methods.

NRC approval for Cr-coated M5rramatome Cladding is requested to [ ] GWd/mtU fuel

rod average burnup. Cr-coated M5rramatome Samples have been through rigorous test
programs to establish the material properties. In addition, Cr-coated M5framatome Cladding
has undergone irradiation at a variety of PWR units worldwide. Post-irradiation
examinations of these fuel rods have demonstrated that Cr-coated M5rramatome Cladding

performs in a stable, predictable manner.

Section 3.0 discusses the regulatory requirements of the Standard Review Plan (SRP),
supplemented by NRC Interim Staff Guidelines (ISG), and Section 4.0 defines the
requested range of applicability. Section 5.0 provides a definition of Cr-coated
Mb&rramatome Cladding, including the manufacturing coating process. Framatome’s
operating experience with Cr-coated M5rramatome Cladding is described in Section 6.0.
The physical and mechanical properties are provided in Sections 7.0 and 8.0,
respectively. Section 9.0 presents the oxidation and hydrogen pickup models. Section
10.0 describes the various aspects of fuel rod and assembly performance that are
relevant to fuel system damage impacted by the Cr coating. New degradation
mechanisms and other considerations are discussed in Section 11.0. The applicable
codes and methods are detailed in Sections 12.0 through 16.0. Framatome’s ongoing

surveillance is covered in Section 17.0.
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2.0 SUMMARY

This topical report describes operating experience, reactor performance, models, codes,
and methodologies needed to design and analyze Cr-coated MSrramatome Cladding. The
following approach is used to demonstrate that Cr-coated M5rramatome Cladding is suitable

for use in fuel assemblies:

e The Standard Review Plan (Reference 2) and the ISG (Reference 3) are

reviewed to determine the criteria that apply to cladding.

e A definition of Cr-coated MS¢ramatome cladding is provided, demonstrating
confidence that future performance will be consistent with the available

experience.

e The materials-related inputs for design evaluations of the cladding needed to

show compliance with the Standard Review Plan are discussed.

e Discussion of each degradation mechanism within the Pacific Northwest National
Laboratory (PNNL) Phenomena ldentification Ranking Table (PIRT)
(Reference 4) is provided to demonstrate a thorough understanding of the
material and assurance that the performance of fuel assemblies with Cr-coated

Mb5rramatome Cladding can be predicted accurately.

e Irradiation experience and surveillance plans for fuel assemblies with Cr-coated
MSFramatome Cladding are summarized. Experience provides assurance that
Cr-coated M5rramatome Cladding provides consistent performance in a variety of
fuel assembly designs. Surveillance ensures that any changes in performance

will be promptly detected, and, if necessary, appropriate actions can be taken.

e Applicability of the Reference 1 suite of advanced codes and methods is

demonstrated for Cr-coated M5¢ramatome Cladding.
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As of December 2025, Cr-coated M5rramatome cladding has been irradiated in [ ]

reactors. The basic material properties have been determined through various in-core
and out-of-core test programs. Cladding performance has been measured through post-
irradiation examinations and shows consistent, predictable behavior. The models to
predict the fuel assembly behavior when Cr-coated M5kramatome Cladding is used are

presented herein.
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3.0 REGULATORY REQUIREMENTS SUMMARY

Regulatory guidance relevant to Cr-coated MSeramatome cladding is found in NUREG-0800
Section 4.2 (Reference 2), as supplemented by NRC Interim Staff Guidance

(Reference 3). A review of the guidance including the Specified Acceptable Fuel Design
Limits (SAFDLSs) is provided in Table 3-1 and Table 3-2. For those acceptance criteria
that are applicable, models are needed to support evaluation of the criteria. The section

in this topical report where the model is addressed is indicated.



Framatome Inc.

ANP-10359NP

Revision 0
PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in
Framatome PWR Methods
Topical Report Page 3-2

Table 3-1

Acceptance Criteria for Cr-coated M5Framatome Cladding Material

Properties

Standard Review Plan

Interim Staff Guidance

Topical Report

Ballooning Behavior

NUREG-0800 ATF-1SG-2020-01 Section
- B.1: Thermal Conductivity Section 7.5
- B.2: Thermal Expansion Section 7.4
- B.3:  Emissivity Sections 7.8 and 16.1
. B.4: Enthalpy and Specific Section 7.3
Heat
- B.5: Elastic Modulus Section 7.6
- oo Eilﬁlr?\astg?rse?nzirllg Stress Section 8.0
. B.7: Thermal and Irradiation Section 12.2
Creep Rate
- B.8: Axial Irradiation Growth | Sections 10.2 and 10.4
- B.9: Oxidation Rate Section 9.1
- B.10:  Hydrogen Pickup Section 9.2
. B.11: High-Temperature Section 16.2

B.1

2: High-Temperature
Steam Oxidation Rate

Sections 16.3 and 16.4.2
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Table 3-2

Acceptance Criteria for Cr-coated M5Framatome Cladding Specified
Acceptable Fuel Design Limits

Standard Review
Plan NUREG-0800

Interim Staff Guidance
ATF-1ISG-2020-01

Topical Report Section

Specified Acceptable Fuel Design Limits Related to Assembly Performance

Section 4.2, 1.A.v

C.1.1: Rod Bow Sections 10.1 and 14.3
Dimensional changes
Section 4.2, 1.A.v
C.1.2: Irradiation Growth Sections 10.2 and 10.4
Dimensional changes
Hydraulic lift forces and the
Section 4.2, 1.A.vii forces of the holddown
C.1.3: Hydraulic Lift Loads springs are not impacted by
Assembly Liftoff the introduction of
Cr-coated cladding.
Section 4.2, 1.A.v C.1.4: Fuel Assembly Lateral Assembly bow is not .
. ‘ Deflections impacted by the m’groductlon
Dimensional change of Cr-coated cladding.
Section 4.2, 1A.iii C.1.5: Fretting Wear Section 10.3

Specified Acceptable Fuel Design Limits Related to Rod Performance Assessed for
Normal Operation and Anticipated Operating Occurrences

Section 4.2, 1.A.i

Stress, strain, or loading
limits

C.2.1: Cladding Stress

C.2.2: Cladding Strain

Section 12.3.2

Section 4.2, 1.A.ii

Cumulative strain fatigue
cycles

C.2.3: Cladding Fatigue

Section 12.3.7
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Standard Review Interim Staff Guidance Tobical Rebort Section
Plan NUREG-0800 ATF-1SG-2020-01 P P

Section 4.2, 1.A.iv
C.2.4: Cladding Oxidation,
Oxidation, Hydriding, and Hydriding, and Crud
Crud

Sections 9.0 and 12.3.4

Section 4.2, 1.A.vi C.2.5: Fuel Rod Internal

Section 12.3.1
Pressure

Internal Rod Pressure

Internal hydriding is not
impacted by the external
coating. External hydriding
is discussed in Section 9.0.

Section 4.2, 1.B.i
C.2.6: Internal Hydriding
Hydriding

Section 4.2, 1.B.ii
C.2.7: Cladding Collapse Sections 12.3.3 and 12.3.8
Cladding Collapse

Section 4.2, 1.B.iv
C.2.8: Overheating of Fuel
Overheating of Fuel Pellets

Pellets

Section 4.2, 1.B.vi

Sections 12.3.5 and 15.1

C.2.9: Pellet-to-Cladding
Pellet/Cladding Interaction
Interaction

Section 4.2, 1.B.iii

Section 12.3.6

C.2.10: Boiling Crisis Section 14.1

Overheating of Cladding
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Specified Acceptable Fuel Design Limits Related to Fuel Rod Performance Assessed
for Accident Conditions

Section 4.2, 1.B.ii C.3.1: Overheating of the

Cladding Section 15.1

Overheating of Cladding
Section 4.2, 1.B.v

C.3.2: Excessive Fuel Enthalpy | Section 15.2
Excessive Fuel Enthalpy

Section 4.2, 1.B.vii C.3.3: Bursting Section 16.2

Section 4.2, 1.B.viii
C.3.4: Mechanical Fracturing Section 12.3.2
Mechanical Fracturing

Section 4.2, 1.C.i
C.3.5: Cladding Embrittlement Section 16.4.1
Cladding Embrittlement

Section 4.2, 1.C.ii
C.3.6: Violent Expulsion of Fuel | Section 15.2.2
Violent Expulsion of Fuel

Section 4.2, 1.C.iii Criteria for cladding

. . . embrittlement (item 4.1.C.i)
Generalized Cladding C.3.7: General Cladding Melting are more stringent than

Melting melting criteria.

Section 4.2, 1.C.iv
C.3.8: Fuel Rod Ballooning Section 16.2
Fuel Rod Ballooning
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Section 4.2, 1.C.v
C.3.9: Structural Deformation Sections 12.3.2 and 16.4
Structural Deformation

New Degradation Mechanisms/Other Considerations

--- C.4.1: Coating Cracking Section 11.1

--- C.4.2: Coating Delamination Section 11.2

. C4.3: Chromium-Zirconium Section 11.3
Interdiffusion

N C.4.4: Radiati.on Effects on Section 11.4
Chromium

-— C.4.5: Subsurface Damage Section 11.5

--- C.4.6: Residual Stress Section 11.6

--- C.4.7: Galvanic Corrosion Section 11.7

--- C.4.8: Defects Section 11.8

- C.4.9: Eutectic Formation Sections 7.1 and 15.2.2
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4.0 RANGE OF APPLICABILITY

Cr-coated M5rramatome Cladding is Framatome’s enhanced accident tolerant fuel (E-ATF)
advanced cladding material solution for use in PWR fuel assemblies. The Cr-coated

M©5kramatome Cladding definition in Section 5.0 and properties and models described in
subsequent sections are applicable for fuel rod average burnups up to [ ]

GWd/mtU. Cr-coated M5rramatome cladding is intended for use with Framatome’s
advanced codes and methods described in Reference 1 and may be used with any fuel
type (e.g., UOz, (U-Gd)Oz, or Cr203-doped UO:2 (Reference 5)).
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5.0 MATERIAL DEFINITION

The Framatome Enhanced-Accident Tolerant Fuel (E-ATF) concept comprises of
M©5Framatome Cladding with a thin chromium (Cr) coating layer applied to the outer surface

to improve cladding performance during normal operation and accident conditions.

Regulatory oversight of these manufacturing specifications and process controls is
maintained through the NRC’s Vendor Inspection Program (VIP). The VIP provides the
NRC with direct oversight of vendors supplying safety-related materials and services,
including verification of compliance with 10 CFR Part 50, Appendix B quality-assurance
requirements, and 10 CFR Part 21 reporting obligations. Through routine and reactive
vendor inspections, review of Quality Assurance (QA) implementation, and oversight of
commercial grade dedication activities, the VIP ensures that manufacturing and process
control measures such as coating-application procedures, inspection practices, and
tolerance management remain compliant with NRC-approved QA programs.
Accordingly, manufacturing tolerances remain vendor-controlled QA parameters rather

than elements of the regulatory approval basis.

5.1 Material Composition

Cr-coated M5rramatome Cladding is a proprietary variant of the Zr-1%Nb alloy to which a

protective layer of high purity chromium is deposited on the outer surface.

5.2 Microstructure

The coating morphology is characterized by [

] (see Figure 5-1).

As shown in Figure 5-2, the microstructure of the M5rramatome Cladding substrate is not

affected by the coating process.
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5.3 Manufacturing

Framatome has done extensive research to achieve a robust coating process. The Cr
coating is applied to the cladding outer surface using a qualified Physical Vapor

Deposition (PVD) process that produces a dense, adherent layer with a uniform nominal

thickness of [ ] (see Figure 5-3).

There are a variety of PVD processes. [

] was optimized first on a lab scale to ensure a process
capable of:
- producing coating thicknesses in the tens of microns,

- adense, uniform, and highly adherent coating without modification of the
substrate, microstructure or chemical composition; no adverse hydrogen

absorption,

- anda [ ]

The coating process steps for Cr-coated cladding are shown in Figure 5-4.

The manufacturing specifications and drawings define and control the coating process
under the established quality assurance and process control program. The design and
safety analyses account for the expected range of coating thicknesses associated with

the qualified manufacturing process.
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5.4 Surface Finish
[ ] Measurements of the actual surface

finish of Cr-coated M5framateme cladding [

] The surface finish of the Cr-coated MSrramatome Cladding is defined by the

manufacturing drawings and specifications and is used as the limiting criterion for

design purposes.
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Figure 5-1
Cr Coating Grain Structure
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Figure 5-2
TEM Micrograph of Cr-Zr Interface
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Figure 5-3
Cr Coating Thickness Uniformity
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Figure 5-4
Coating Process Outline




Framatome Inc. ANP-10359NP

Revision 0
PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in
Framatome PWR Methods
Topical Report Page 6-1
6.0 OPERATING EXPERIENCE
Table 6-1 summarizes the irradiation experience through December 2025. [ ]

Cr-coated M5¢ramatome fuel rods within [ ] fuel assemblies have been irradiated in
[ ] commercial PWRs reaching fuel rod average burnups [ ]
The fuel assemblies include [

] designs. Multiple irradiation test programs have also

been conducted on Cr-coated material. Post irradiation examinations (PIEs), including
nondestructive and destructive examinations, have been performed on irradiated

Cr-coated fuel rods, test rods, and samples.

Framatome’s positive operating experience and in-reactor performance results provide

confidence for commercial operation with Cr-coated MS¢framatome cladding.
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Table 6-1
Summary of Cr-coated Cladding Irradiation Through 2025
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7.0 PHYSICAL PROPERTIES

This section provides values for physical properties of Cr-coated M5framatome Cladding.
The first five subsections discuss melting point, density, specific heat capacity, thermal
expansion, and thermal conductivity. Young’s modulus and Poisson’s ratio, sometimes
classified as mechanical properties, are discussed in the next two subsections. The

remaining subsections discuss emissivity and Meyer’s hardness. Their use is justified to

fuel rod average burnups upto [ ] GWd/mtu.

71 Melting Point/Eutectic

The melting point for MSrramatome material is [ ] (Section 7.1 of Reference 6)

and the melting point of pure chromium is 1863 °C (Reference 7). A
chromium-zirconium (Cr-Zr) eutectic forms at 1332 °C, which is below the melt
temperature of either material. While the eutectic is well above operating and
anticipated operation occurrence (AOO) conditions, it could be reached in certain
accident scenarios. The impact is discussed relative to the accident limits in
Section 15.2.2.

7.2 Density

The room temperature density for Cr-coated M5rramatome material was measured as

[

The room temperature density [
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7.3 Specific Heat Capacity

7.4 Thermal Expansion

Dilatometry measurements for thermal expansion were conducted on Cr-coated

M5¢ramatome Samples and [

The equations for thermal expansion of Cr-coated M5kramatome cladding in the axial,

tangential, and radial directions are defined as follows:
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For a thin-walled tube, the equations for the axial direction determine changes in length,
the radial direction determine the change in wall thickness, and for the tangential

direction the equations determine the change in diameter.

7.5 Thermal Conductivity
Experiments on thermal diffusivity were conducted to assess the effect of Cr coating on

the heat transfer phenomena of M5framatome Material. The Cr coating [
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From the thermal diffusivity experimental data, thermal conductivities were calculated

for comparison. The difference in the calculated thermal conductivity between Cr-coated

M5Framatome material and M5Framatome material [

7.6 Young’s Modulus

Young’s modulus measurements were obtained on Cr-coated M5framatome Samples, as

shown in Figure 7-1. The test data [

7.7 Poisson’s Ratio

Poisson’s ratio for M5rramatome material is [ ] (Section 7.7 of Reference 6), and

Poisson’s ratio for pure chromium is 0.21. [

7.8 Emissivity

Emissivity is an optical property related to radiative heat transfer that is material
dependent. Therefore, Cr-coated M5rramatome Cladding exhibits different internal and
external surface radiative properties. While the cladding inner surface remains

unchanged, the external surface exhibits the properties of the deposited Cr.
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Emissivity measurements collected by [ ]

from [ ] on Cr-coated M5¢ramatome Specimens

[ ]

demonstrated that [

7.9 Meyer’s Hardness

Meyer’s hardness is used for assessment of pellet-cladding interaction, associated with

the cladding inner surface. [
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Figure 7-1
Young’s Modulus vs. Temperature
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8.0 MECHANICAL PROPERTIES

This section discusses the mechanical properties of Cr-coated M5framatome cladding.
Mechanical properties are used in various methodologies to perform design analyses of

fuel assembly components.
8.1 Tensile Properties of Unirradiated Material
8.1.1 Uniaxial Loading

8.1.1.1 Yield Strength

Uniaxial loading measurements show a trend toward increased yield strength for
Cr-coated M5rramatome material, both at room temperature and elevated temperatures.

Figure 8-1 plots the design uniaxial yield strength as a function of temperature,

[

8.1.1.2 Tensile Strength

Uniaxial loading measurements show a trend toward increased ultimate tensile strength
for Cr-coated M5rramatome material, both at room temperature and elevated temperatures.

Figure 8-2 plots the Cr-coated M5rramatome design uniaxial ultimate tensile strength as a

function of temperature, [
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[

8.1.2 Biaxial Loading
8.1.2.1 Yield Strength

Similar to uniaxial loading, biaxial measurements show a trend toward increased yield
strength for Cr-coated M5rramatome material, both at room temperature and elevated

temperatures. The Cr-coated M5rramatome design biaxial yield strength is plotted in

Figure 8-3, [

8.1.2.2 Tensile Strength

Similar to uniaxial loading, biaxial loading measurements show a trend toward
increased ultimate tensile strength for Cr-coated M5rramatome material, both at room

temperature and elevated temperatures. The Cr-coated MSrramatome design and best

estimate biaxial ultimate tensile strength is plotted in Figure 8-4, [
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8.2 Tensile Properties of Irradiated Material

Tensile testing was performed to evaluate the effects of Cr coating under irradiation.
The strength of Cr-coated MSrramatome Cladding increases rapidly under irradiation to a
level of saturation that is maintained to high fluences. The irradiated strength is largely

saturated within the first year of operation and remains stable for fast fluences up to
[ ] The mechanical properties in the following subsections
are applicable for Cr-coated MSrramatome Cladding up to a fuel rod average burnup of

[ ] awd/mtu.

8.21 Uniaxial Loading
8.2.1.1 Yield Strength
The best-estimate uniaxial yield strength [ ] for

irradiated Cr-coated M5kramatome material is plotted as a function of fast fluence in

Figure 8-5. The irradiated Cr-coated uniaxial yield strength test data [

8.21.2 Tensile Strength

The best-estimate uniaxial tensile strength [ ] for
irradiated Cr-coated M5kramatome material is plotted as a function of fast fluence in

Figure 8-6. The irradiated Cr-coated uniaxial tensile strength test data [
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8.2.2 Biaxial Loading

The biaxial loading condition is a combined loading from axial and hoop loading. As

such, irradiated [

] were used to assess the Cr-coated

M5rramatome irradiated biaxial behavior.

8.2.2.1 Yield Strength

The irradiated design biaxial yield strength test data are plotted as a function of

temperature in Figure 8-9. The irradiated Cr-coated biaxial yield strength test data

[

8.2.2.2 Tensile Strength

The irradiated design biaxial tensile strength test data are plotted as a function of

temperature in Figure 8-10. The irradiated Cr-coated biaxial tensile strength test data

[
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Figure 8-1
Design Uniaxial Yield Strength of Unirradiated Cr-coated M5rramatome
Cladding as a Function of Temperature
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Figure 8-2
Design Uniaxial Tensile Strength of Unirradiated Cr-coated
M5Framatome Cladding as a Function of Temperature
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Figure 8-3
Design Biaxial Yield Strength of Unirradiated Cr-coated M5rramatome
Cladding as a Function of Temperature
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Figure 8-4
Best-Estimate and Design Biaxial Tensile Strength of Unirradiated
Cr-coated M5Framatome Cladding as a Function of Temperature
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Figure 8-5
Best-Estimate Uniaxial Yield Strength of Irradiated Cr-coated
M5kramatome Cladding as a Function of Fast Fluence
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Figure 8-6
Best-Estimate Uniaxial Tensile Strength of Irradiated Cr-coated
M5krramatome Cladding as a Function of Fast Fluence
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Figure 8-7
Room Temperature and Elevated Temperature [
] Yield Strength for Cr-coated M5¢ramatome Cladding




Framatome Inc. ANP-10359NP

Revision 0
PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in
Framatome PWR Methods
Topical Report Page 8-12

Figure 8-8
Room Temperature and Elevated Temperature [
] Tensile Strength for Cr-coated M5¢ramatome Cladding
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Figure 8-9
Design Biaxial Yield Strength of Irradiated Cr-coated M5rramatome
Cladding as a Function of Temperature
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Figure 8-10
Design Biaxial Tensile Strength of Irradiated Cr-coated M5Framatome
Cladding as a Function of Temperature
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9.0 OXIDATION AND HYDROGEN PICKUP DURING NORMAL OPERATION

This section discusses topics related to oxidation and hydrogen pickup of Cr-coated
M5rramatome Cladding. The first two subsections discuss general corrosion and hydrogen
pickup in primary water. The final subsection discusses the limits on oxidation and

hydrogen concentration. Applicability is justified to fuel rod average burnups up to
[ ] awd/mtu.
9.1 Fuel Cladding Corrosion

Out-of-pile oxidation data were obtained from testing Cr-coated M5¢ramatome [

] samples in autoclaves [

The oxide thicknesses per exposure time of the Cr-coated M5rramatome S@MPples are

shown in Figure 9-1. [
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9.2 Hydrogen Pickup
Hydrogen measurements were performed on irradiated Cr-coated M5framatome S@amples

from the IMAGO and GOCHROM irradiation programs [ ]

9.3 Limits on Oxidation and Hydriding
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Figure 9-1
Cr-coated M5framatome Cladding Oxide Thickness vs. Exposure Time
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Figure 9-2
Cr-coated M5Framatome Cladding Hydrogen Content vs. Exposure Time
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10.0 FUEL ROD AND ASSEMBLY PERFORMANCE
10.1 Fuel Rod Bow

Fuel rod bow is driven by the irradiation growth of the fuel rods and friction with the rod
support features of the fuel assembly cage structure. Cladding rigidity (resistance to

bow) is a function of the modulus of elasticity and area moment of inertia.

Measurements for Young’s modulus on Cr-coated M5¢ramatome Samples [

10.2 Irradiation Growth

The FA growth correlation considers the irradiation experience of assemblies containing
zirconium alloy structural components. These models are empirically based on fuel

assembly axial growth data.
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Based on testing, [
] The impact of
fuel rod growth on fuel assembly growth [

] grid designs relax due to irradiation

quickly within their first cycle of operation. Most of the assembly growth occurs with a

relaxed grid cell configuration, decoupling the impact of fuel rod growth from assembly

growth early in the irradiation life of the assembly; therefore, [

] on fuel assembly growth

over the life of the assembly.

The fuel assembly growth models established with M5framatome cladding remain valid for

Cr-coated M5rramatome cladding within their established ranges of applicability.

10.3 Fretting Wear

Fretting wear can occur at various contact points of the fuel assembly structural
members including between fuel assemblies and between control rods and the fuel
assemblies. The flow conditions that affect wear are related to the design of the reactor,
the fuel assembly mechanical design, and core reload designs. Performance is
validated through a combination of endurance and vibrational testing, operational
experience, and post-irradiation measurements of wear. Design methods involve the
validation of the fuel design’s fuel rod fretting and wear performance based on
1000-hour endurance flow testing. Endurance testing can be supplemented by
self-induced excitation, flow-induced vibration, and individual rod vibrational wear
testing. Testing involves fuel rods and grids at end-of-life conditions to maximize the

gap between rod and grid contact features. Cr-coated M5kramatome cladding was tested to

validate the wear of [ ]
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Life and wear 1000-hour endurance testing was performed on a GAIA assembly half
loaded with Cr-coated M5framatome Cladding and M5kramatome Cladding. The coated rods

had much fewer wear locations and lower wear depth than the uncoated rods.

Individual rod vibrational tests were conducted on Cr-coated M5framatome Clad specimens

in GAIA grids for comparison to previous reference GAIA tests. [

] GAIA and HTP testing results and

operational experience demonstrate similar wear performance.

Performance is validated through operational experience without failures and

post-irradiation measurements of wear. Visual inspections of lead test rods after

[ ] cycles of irradiation [ ] showed [

] similar to what has been experienced on uncoated rods in the

same fuel design.

10.4 Fuel Rod Axial Growth

The design basis for fuel rod axial growth is that adequate clearance be maintained
between the fuel rod ends and top and bottom nozzles to accommodate the difference
in the axial growth of the fuel rods and fuel assembly. The clearance between the fuel

rod top ends and the top nozzle is known as the shoulder gap.
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A total of [ ] fuel rod axial growth measurements from PWR irradiations for

Cr-coated M5rramatome Ccladding are plotted along with the M5framatome database in

Figure 10-1. [

Measurements are [

The Cr-coated M5Framatome [
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Figure 10-1
Cr-coated M5Framatome Fuel Rod Growth
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11.0 NEW DEGRADATION MECHANISMS/OTHER CONSIDERATIONS

Several new damage mechanisms were identified for Cr-coated zirconium cladding in
the PNNL PIRT (Reference 4), as discussed in the ISG (Reference 3). The following
subsections discuss each new damage mechanism as it relates to Cr-coated M5rramatome

cladding.

11.1 Coating Cracking

The NRC ISG identifies Cr coating cracking as a potential concern during
normal-operation strains, cyclic small-strain loading, and large accident-level strains.
The ISG notes that cracking could reduce corrosion and hydrogen-pickup benefits,
expose zirconium during high-temperature transients, or create crack tips that could
promote environmentally-assisted fracture. The ISG therefore requires that coating

cracking be explicitly evaluated when establishing models.

Chromium is known to be brittle at room temperature, but is significantly more ductile at

reactor operating temperatures, thus reducing the likelihood of coating cracking. Testing

on Cr-coated M5ramatome cladding demonstrated that [

Figure 11-1 shows a representative Cr-coated sample [ ]

Substrate exposure through crack openings [
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11.2 Coating Delamination

The NRC ISG identifies coating delamination as a potential degradation mechanism,
noting that loss of adhesion could diminish the coating’s corrosion and hydrogen-pickup
benefits and expose the zirconium substrate during high-temperature transients. The
ISG emphasizes that delamination should be evaluated across normal operation, cyclic

straining, and accident-level deformation.

Cr-coated M5rramatome Cladding has been subjected to various mechanical testing
including burst, tensile, fatigue, creep, and EDC. These tests as well as LOCA-relevant
testing have shown excellent coating adherence with no delamination observed even at

high deformations.

Testing on irradiated Cr-coated MSrramatome Cladding in hot cells led to the same
conclusions of an extremely adherent coating where no delamination was reported even

in the areas of high deformation under various loading conditions, as documented in

Figure 11-2 through Figure 11-5. [ ] was conducted [
] on specimens irradiated in the High Flux Isotope Reactor (HFIR) at

end-of-life doses to evaluate fatigue life. [

Experiments simulating localized areas of missing chromium were performed in-reactor.
Areas of exposed substrate demonstrated no detrimental impact on the substrate and
the coating in the vicinity of the affected area with regards to adhesion, as reported in

Figure 11-7 and Figure 11-8.
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11.3 Cr-Zr Interdiffusion

The NRC ISG identifies Cr—Zr interdiffusion as a potential concern because elevated
temperatures could form brittle intermetallic phases, potentially reducing cladding
ductility during accident conditions. The ISG therefore recommends assessing
interdiffusion under both normal operating temperatures and high-temperature

transients.

Testing performed on Cr-coated M5rramatome material showed that interdiffusion between

chromium and zirconium is minimal under manufacturing and normal operating

conditions. Irradiated specimens examined after several PWR cycles showed [

] as seen in Figure 11-9.

At elevated temperatures relevant to LOCA conditions, [

] as documented in
Figure 11-10 and Figure 11-11. Mechanical testing confirmed that Cr-coated M5rramatome

cladding [

11.4 Radiation Effects on Cr

The NRC ISG notes that the radioisotope 'Cr will form but that the quantity released to

the coolant is unknown and may be monitored through plant surveillance.
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Irradiation of Cr-coated cladding in the core will result in the generation of additional
51Cr in the system. It is not quantitatively known to what extent 5'Cr will be released
from the coated surfaces; however, the reducing nature of the coolant chemistry makes
it unlikely that severe release will occur. 5'Cr is already present in the coolant due to
trace release of chromium from the system materials of construction, particularly the
steam generator tubing, which forms a chromium-rich passive film during

operation. Given the relative surface area of the steam generator tubing and fuel
cladding in typical reactors, there is likely to be an incremental increase in the coolant
S1Cr activity. ®'Cr is a short-lived isotope with a 28-day half-life and a low energy gamma
emission. As a result, it has negligible radiological consequences to the plant. Plants
currently monitor the coolant for corrosion product activity, including %'Cr, and have the
capability to remove it from the system using the letdown ion exchange. As a result,
plants would be able to respond to any increases in ®'Cr activity well before reaching

any Technical Specification coolant activity thresholds.

11.5 Subsurface Damage

The NRC ISG highlights the possibility that coating processes could introduce
subsurface damage, such as microstructural alteration or surface weakening, which

could degrade cladding mechanical properties or affect long-term performance.

As stated in Section 11.3, [ ] The PVD
coating process does not alter the substrate (e.g., Figure 5-2), and the [

] No

subsurface damage is introduced due to the PVD coating process.

11.6 Residual Stress

The NRC ISG identifies residual stress as a potential concern in coated cladding, noting
that thermal expansion mismatch or deposition-induced stress could affect coating

adhesion or substrate behavior, thus influence cladding performance.
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[

11.7 Galvanic Corrosion

The NRC ISG identifies galvanic corrosion as a potential degradation mechanism when
dissimilar metals are present in the reactor coolant environment. For Cr-coated
cladding, the concern includes potential galvanic coupling between chromium,

zirconium, and adjacent in-core materials.

Galvanic corrosion occurs when a metal is electrically coupled to another metal in a
common electrolyte. Cr-coated MSrramatome Cladding and flat samples were subjected to
water coupling corrosion tests in an autoclave simulating PWR chemical environments

with different durations.

Testing showed that [

] Therefore, accelerated corrosion of chromium due to coupling with Alloy 718

and accelerated corrosion of M5rramatome due to coupling with chromium or Alloy 718 are

not expected.

Lead test assembly experience from several fuel assembly designs has not identified
any galvanic corrosion induced between the Cr coating and M5framatome Cladding or

between the Cr coating and adjacent materials.
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11.8 Defects

The NRC ISG notes that coating defects may create localized oxidation or crack
initiation sites and therefore must be evaluated to ensure they do not adversely affect

performance.

Table 11-1 shows some representative defects that have been observed due to the
PVD coating process. Tests conducted on [

] defects are summarized in Table 11-2 and

demonstrate no adverse effects on the cladding. Defects were studied prior to

irradiation and documented with engineering justifications to ensure no known

detrimental impact on in-reactor performance. [

] Any newly-identified defect types would be assessed using the same

approach.

11.9 Eutectic Formation

See eutectic discussions in Sections 7.1 and 15.2.2.
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Table 11-1
Cr Coating Manufacturing Imperfections — As Manufactured
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Table 11-2
Cr Coating Manufacturing Imperfections — Testing
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Table 11-2
Cr Coating Manufacturing Imperfections — Testing (Continued)
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Table 11-2
Cr Coating Manufacturing Imperfections — Testing (Continued)
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Figure 11-1
Typical Visual Appearance of Cr-coated Sample [

]
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Figure 11-2
Post-Failure EDC Testing at 350 °C on GOCHROM Cycle 1 Irradiated
Specimen
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Figure 11-3
Typical Post-Failure Visual from Burst Test Specimen from
GOCHROM Cycle 1
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Figure 11-4
Typical Post-Failure Visual of Tensile Test Specimens from
GOCHROM Cycle 1
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Figure 11-5
Typical Post-Failure Visual of a [
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Figure 11-6
Typical Post-Failure Visual of a [ ] Test Specimen

Showing Both Sides (a) and (b) with the Failure Point Identified by
the Red Arrow




Framatome Inc. ANP-10359NP

Revision 0
PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in
Framatome PWR Methods
Topical Report Page 11-17

Figure 11-7
IMAGO Specimen with Exposed Substrate [
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Figure 11-8
IMAGO Irradiated Specimen with Exposed Substrate [

]
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Figure 11-9
IMAGO Irradiated Specimens After One Cycle (top) and Two Cycles
(bottom) - Interface Elemental Evaluation
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Figure 11-10
SEM Observation of Cr-Zr Interface After [
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Figure 11-11
SEM Observation of Cr-Zr Interface After: a) [

]
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12.0 THERMAL MECHANICS
12.1 Fuel Rod Performance Code GALILEO

The GALILEO fuel performance code (Reference 8) has been approved for PWR
thermal mechanical fuel rod design and licensing analyses. The properties of Cr-coated
Mb5rramatome Cladding, described in Section 7.0 of this topical report, necessitate minor
adaptation of select code models to apply GALILEO to Cr-coated M5rramatome cladding for

PWR analyses using the same methodologies.

The following M5eramatome models in GALILEO have been modified and extended to

Cr-coated M5Framatome Cladding.
- [ ]
e [ ]
e Creep model [

]

This section presents the GALILEO creep model as adapted for Cr-coated M5framatome

cladding. The primary objective is to [

] The approach yielded good

predictions for Cr-coated M5¢ramatome Cladding [

]

The following subsections describe the model adaptations that were implemented, as

well as the benchmarking results using the qualification database.
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12.1.1 GALILEO Qualification Database

The database for Cr-coated MSrramatome Cladding creep model is subdivided into two

parts:

e Thermal creep test database using unirradiated Cr-coated M5framatome tubing at

controlled temperature and pressure combinations,

e The commercial rod diameter measurement database from [ ] PWRs.

12.1.2 Thermal Creep Test Database

This dataset includes results from biaxial thermal creep tests conducted on unirradiated

Cr-coated M5rramatome tubing under controlled pressure and temperature.

12.1.2.1 Low Stress Data

The low stress test program covers stress levels ranging from [ ]
with temperatures set at [ ] These conditions are

summarized in Table 12-1.

12.1.2.2 High Stress Data
The high stress thermal creep data includes stress values of [
] at temperatures of [ ] The Cr

coating thickness used was [ ]
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12.1.3 Commercial Rod Test Database
[ ] measurement campaigns collected rod diameter measurements for Cr-coated

cladding irradiated in commercial PWR reactors. [

12.2 GALILEO Creep Model for Cr-coated M5rramatome Cladding

During steady-state reactor operation, the stress on the cladding prior to hard contact
with fuel pellets is primarily governed by the pressure differential across the cladding
wall. The resulting strain depends on both the applied stress and the fast neutron flux.
Once hard contact occurs, fuel pellet swelling gradually pushes the cladding outward.
This slow expansion relieves the stress imposed by the fuel, leading to a low-rate

outward creep deformation.

In essence, cladding creep significantly influences fuel rod diameter evolution before
pellet-cladding contact. After contact is established, the cladding creep effect

diminishes, and diameter changes are mainly driven by fuel swelling.

Mechanistically, the deformation behavior of Cr-coated M5¢ramatome cladding is similar to
that of MSrramatome Cladding, as the chromium layer is thin and does not alter the

underlying M5rramatome material. Experimental data indicates that Cr-coated cladding
exhibits [
] These adjustments

are based on benchmark comparisons of diameter changes in tubes and rods with

Cr-coated M5Framatome claddi ng.
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12.2.1 Adaptation of GALILEO Creep Model for Cr-coated M5rramatome Cladding

The GALILEO creep model for Cr-coated MSrramatome Cladding follows the same

framework as that used for MSrramatome Cladding, divided into “low stress” creep, “high

stress” creep, and a transition range. [

12.2.1.1 Cr-coated M5Framatome “LOw Stress” Creep

The “low stress” creep is the addition of thermal creep and irradiation creep. Thermal

creep contributes only a small portion compared to irradiation creep. [

12.2.1.2 Cr-coated M5framatome “High-Stress” Creep

The M5rramatome “high stress” creep model includes both primary and secondary

components. Unlike the “low stress” creep, the “high stress” creep relationship [

]
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12.2.2 Validation of GALILEO Creep Model

The capability of the thermal creep model to provide an overall balanced and accurate

prediction is shown in Figure 12-1, which includes [

] The figure demonstrates good agreement between the

predicted and measured values.

Figure 12-2 shows the ratio of creep strain of Cr-coated M5framatome Cladding to

M5framatome Cladding at [ ] The similarity in

strain ratios under both conditions supports [

]

Further validation is demonstrated in Figure 12-3 and Figure 12-4, which include rod
diameter changes for the whole irradiated rod database. These figures show no
systematic bias, and the predicted values align well with the measured data confirming

the model’'s accuracy across the range of operating conditions.

12.2.3 Validation of GALILEO Creep Model Uncertainty

As introduced in Section 12.2, once hard contact is established between the fuel pellet
and the cladding (typically around [ ] during normal operation) the

influence of the creep model on predicting cladding diameter becomes minimal.
Predictions using both the M5¢ramatome and Cr-coated M5rramatome Creep models were
compared against the same set of measurement data. The results show that after
pellet-cladding contact, the predicted cladding diameter remains nearly unchanged
regardless of which creep model is used. This confirms that the model’s impact on

diameter prediction is negligible after pellet-cladding contact.
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An excellent alignment is achieved between predicted and measured cladding diameter
changes for Cr-coated cladding with [ ] as shown in
Figure 12-5. The statistical variability of the predictions is comparable to that of
M5¢ramatome cladding, [ ] Figure 12-3 and
Figure 12-4 show the satisfactory capability of the GALILEO code to predict fuel rod

cladding diameter. When compared to Figure 4-37 in Reference 8, Figure 12-3

demonstrated that [

Based on these findings, [

12.3 Thermal Mechanics Methodology
12.3.1  Fuel Rod Internal Pressure Analysis

The GALILEO normal operation and One GALILEO methodologies (References 8

and 9) will be deployed for the rod internal pressure evaluation.
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The methodologies for departure from nucleate boiling (DNB) propagation are described
in ARTEMIS/RELAP Integrated Transient Analysis (ARITA) (Section 9.1.4.5 of
Reference 10) and ARCADIA Rod Ejection Accident (AREA) (Section 6.8.4 of

Reference 11). Both DNB evaluation methodologies are independent of fuel rod

overpressure. Furthermore, as the Cr coating [

The overpressure limit in Reference 1 and the corresponding analytical methodologies

(References 8 and 9) are applicable to Cr-coated M5rramatome Cladding up to a fuel rod

average burnupof [ ] GWd/mtU.

12.3.2 Fuel Rod Cladding Stress Analysis

Consistent with Reference 2, the design criteria for fuel rod cladding stress are that the
fuel system will not be damaged by excessive stresses. The stress limits apply to

various mechanisms of fuel rod failure.
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12.3.3 Fuel Rod Buckling Analysis

Fuel rod must not buckle during the limiting overpressure transient at beginning of life.

12.3.4 Fuel Rod Cladding Corrosion Analysis

The Cr-coated MSrramatome COrrosion and hydriding analyses will be carried out using the
GALILEO normal operation and One GALILEO methodologies (References 8 and 9).

See Section 9.0 for the corrosion and hydriding discussion.

In the GALILEO code (Reference 8), [

12.3.5 Fuel Centerline Melt Analysis

Fuel centerline melt is not permitted during normal operations and AOO events. The
One GALILEO and ARITA methodologies (References 9 and 10) and the GALILEO fuel

performance code (Reference 8) will be used to evaluate either [

] for Cr-coated M5ramatome cladding. [
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12.3.6 Fuel Rod Transient Cladding Strain Analysis

The GALILEO code (Reference 8), One GALILEO (Reference 9), and ARITA
(Reference 10) will be utilized to evaluate transient cladding strain (TCS). Mechanical

tests have been performed on irradiated Cr-coated M5¢ramatome material. The results

showed [

12.3.7 Fuel Rod Cladding Fatigue Analysis

The design criterion for cladding strain fatigue is that the cumulative usage factor (CUF)

be less than [

] Procedures for the fatigue analysis

follow those outlined in the ASME Boiler and Pressure Vessel Code (Reference 12). All
possible Condition | and Il events are considered to determine the total fatigue usage

factor.

12.3.8 Cladding Creep Collapse Analysis

The cladding creep collapse is determined using the GALILEO code (Reference 8) to
generate the initial conditions and then using the CROV methodology (Reference 13) to

perform the analyses.
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In Reference 6, CROV is approved for M5rramatome applications [

] For Cr-coated M5¢ramatome cladding, [
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Table 12-1
Test Matrix of Low Stress Thermal Creep
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Figure 12-1
Predicted vs. Measured Unirradiated Thermal Creep
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Figure 12-2
Strain Ratio at [ ]
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Figure 12-3
Rod Diameter Change Predicted vs. Measured
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Figure 12-4
Rod Diameter Change Predicted-Measured vs. Burnup
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Figure 12-5
Rod Diameter Change Predicted vs. Measured — Low Stress
Database
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Figure 12-6
[ ] for Irradiated Cr-coated M5¢ramatome

Cladding
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13.0 NEUTRONICS

The ARCADIA code system, as described in References 14 and 15, defines the codes
that are used for modeling Cr-coated cladding with Framatome fuel. The impact of
Cr-coated cladding on the approved neutronics codes is discussed in Section 3.2 of
Reference 16. Neutronic behavior of a fuel rod is well known, and inclusion of chromium
as a cladding coating does not change the behavior or the ability to calculate reactivity,

rod power, or burnup.

Section 3.2.3 of the Final Safety Evaluation for Reference 16 states, “the use of these
[ATF] technologies is not expected to significantly impact the predictive capability of
Framatome’s codes and methods at higher enrichments”. The ARCADIA code system

was extended to increased burnup in Reference 1.
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14.0 THERMAL HYDRAULICS

The inclusion of Cr-coated cladding does not constitute a departure from previously
approved thermal-hydraulic codes (i.e. COBRA-FLX, Reference 17), methods
(Reference 18), or CHF correlations (References 17, 19, and 20). Thus, all previously
approved codes, methods, and CHF correlations listed apply to Cr-coated cladding

analyses with no additional consideration.

The following subsections discuss some key areas of thermal-hydraulic analysis that
may be affected by Cr-coated cladding. These include CHF correlations, the
COBRA-FLX subchannel code, and DNB/LHGR penalties from fuel rod bow.

141 CHF Correlations

In PWR cores, the energy leaves the fuel rod surface in the form of heat flux, which is
removed by the primary coolant system flow. The normal mode of heat transfer to the
coolant at high power densities is nucleate boiling. As the capacity of the coolant to
accept heat from the fuel rod surface and transfer it by bubble detachment to the
coolant stream degrades, a continuous layer or film of steam starts to blanket the rod.
The steam film insulates the fuel rod, and the heat transfer coefficient drops drastically.
Reactor cores must be protected against possible damage that could result from the
high clad temperatures that are experienced in the transition to, and during, film boiling.

The heat flux at which the steam film starts to form is termed CHF or the point of DNB.
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CHF correlations predict the critical heat flux as a function of local thermal-hydraulic
conditions (such as pressure, mass flux, equilibrium quality, enthalpy, and local heat
flux). Since chromium is deposited on the outside surface of the cladding, the CHF
correlations applicability was investigated based on analytical evaluation of applicable

data available in published literature. It was determined that Cr-coated M5¢ramatome

cladding [

14.2 COBRA-FLX Subchannel Code

The COBRA-FLX subchannel analysis code (Reference 17) models fluid flow and heat
transfer in the reactor core. COBRA-FLX predicts the axial and lateral flow, pressure,
and temperature (enthalpy) distributions in rod bundle arrays for flow conditions. Typical
applications of the COBRA-FLX code include predictions of core-wide flow and enthalpy
distributions as well as pressure drop for steady-state and transient conditions. The
code is also used for CHF calculations and departure from nucleate boiling ratio
(DNBR) predictions.
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COBRA-FLX possesses a collection of empirical correlations for fluid models and flow
properties that allow the computation of pertinent fluid and heat transfer characteristics
that are necessary to accurately simulate local thermal-hydraulic conditions for

operational and safety-related analyses. A review of the empirical correlations approved

for use in COBRA-FLX [

] Therefore, COBRA-FLX is applicable for Cr-coated

M5Framatome Cladding .

14.3 Fuel Rod Bow Penalties

Fuel rod bow penalties are assessed to account for the change in the incore gap
between fuel rods due to bowing of fuel rods. Reduction of the coolant channel flow
area affects the cooling for the fuel rod relative to DNB and reduces local moderation of
neutrons, which reduces the local power distribution. Conversely, increasing the coolant

channel flow area improves DNB and increases the local power distribution.

Fuel rod bow penalties account for the potential impact on SAFDL margins due to
mechanical distortion resulting from irradiation, effectively changing subchannel flow
area and rod-to-rod spacing. Fuel rod bow can increase the local power distribution and
decrease the subchannel flow area. These two impacts are accounted for using
independent and conservative penalties. The increased local power peaking impacts
the fuel centerline melt (FCM) and TCS SAFDL evaluation, while the flow area reduction
impacts the DNB SAFDL evaluation.
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Fuel rod bow is accounted for using DNB and LHGR penalties calculated based on the
methodology described in Reference 18. The upper design limit for gap closure ratio
from Reference 6 is a key input to the DNB and LHGR penalties calculation and is a
function of burnup. A review of the methodology used for calculating the DNB and
LHGR penalties indicated no impact due to the Cr coating. Per Section 10.1, there is no
substantial impact from a Cr coating on the physical behavior used in determining gap

closure.
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15.0 NON-LOCA METHODOLOGY
15.1 ARITA

The ARITA methodology (Reference 10) evaluates non-LOCA transients with the
exception of the control rod accident in a PWR. ARTEMIS is the 3D nodal core
simulator contained in the ARCADIA code system discussed in Section 13.0. COBRA-
FLX is the Thermal-Hydraulics Module (THM) used in ARTEMIS and is discussed in
Section 14.2. S-RELAPS is an integral part of the ARITA analysis. For most events, S-
RELAPS5 is run coupled with ARTEMIS, but for events where Specified Acceptable Fuel
Design Limits (SAFDLs) are not evaluated, S-RELAP5 is run standalone (e.g., for

primary or secondary system overpressure transients).

The S-RELAPS code is a system code designed to model the primary and secondary
side components and piping circuits. When run standalone, the S-RELAPS code uses a
core model but does not model the fuel assemblies to the detail where Cr-coated
cladding would have an impact on thermal-hydraulic characteristics. Any effects of
Cr-coated cladding on cladding thermal conductivity or heat capacity would be included
in the cladding thermal property inputs in the S-RELAPS5 stand-alone model. All kinetics
inputs are generated by ARTEMIS; therefore, this input is also not impacted by the

presence of Cr-coated cladding.

When S-RELAPS is run coupled to ARTEMIS, ARTEMIS performs all of the core
calculations and there is no impact from the Cr-coated cladding. Calculations performed

with S-RELAPS are not impacted by the presence of Cr-coated cladding.

GALILEO is used to calculate FCM and TCS for the ARITA methodology, using
post-processed data from the ARTEMIS/S-RELAPS execution and is discussed in
Section 12.0.
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ARITA provides a realistic representation of the reactor response during non-LOCA
transients and demonstrates compliance with the appropriate safety criteria. The ARITA
methodology was extended to increased enrichments in Reference 16 and to increased
burnups in Reference 1. The discussion regarding the applicability of the ARITA
methodology given in these references remains applicable with the use of Cr-coated

cladding.

15.2 AREA

The AREA methodology (Reference 11) provides a conservative representation of a
reactor during a Rod Ejection Accident (REA) and demonstrates compliance with
approved criteria. It was designed to be consistent with the regulatory guidance for a
Control Rod Ejection Accident (CREA). The methodology is flexible and capable of
demonstrating compliance with potential revisions to the REA criteria related to fuel
enthalpy, DNBR, fuel temperature, fuel rod pressure, transient Fission Gas Release
(tFGR), and RCS pressure. These criteria are included in the methodology as various
forms of input and can be modified as necessary to incorporate future changes to the
criteria as specified by the NRC. This methodology was extended to account for
increased fuel enrichment in Reference 16 and to increased burnups in Reference 1.
The discussion regarding the applicability of the AREA methodology given in these

references remains applicable with the use of Cr-coated cladding.

The analytical tools used in the AREA methodology include ARTEMIS, GALILEO,
COBRA-FLX, and S-RELAPS5. Section 15.2.1 discusses these tools. Section 15.2.2
discusses the applicability of Regulatory Guide (RG) 1.236.

15.2.1 Codes Used within the AREA Methodology

The ARCADIA code system is used to analyze the 3D neutronics and thermal-

hydraulics behavior during the transient. ARCADIA is discussed in Section 13.0.
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The fuel rod module (FRM) within ARTEMIS is used within the AREA methodology to
determine the 3D fuel temperature distribution at both the centerline of the fuel pellet
and at the fuel pellet rim. The ARTEMIS FRM is based on GALILEO, and conclusions
from the applicability of GALILEO to Cr-coated cladding are also valid for the ARTEMIS

fuel rod model.

Since a change was made to the fuel rod design by adding a Cr coating to the outside
of the fuel rod cladding, additional comparisons were made between GALILEO and
ARTEMIS to ensure that the use of the ARTEMIS FRM in an AREA analysis remains
consistent. The benchmark shows that all parameters between ARTEMIS and GALILEO
remain consistent, and uncertainties previously established based on use of the FRM in

an AREA analysis remain valid.

The fuel performance code GALILEO provides pertinent information to the AREA
methodology, such as the enthalpy rise criteria, fuel thermal properties, and the fuel rod
internal pressure used to determine fuel enthalpy limits for high clad temperature failure
criteria. GALILEO is discussed in Section 12.0.

COBRA-FLX is the THM used in the core simulator ARTEMIS and is used for both

nodal and detailed model calculations. It is discussed in Section 14.2.

S-RELAPS is used in the AREA analysis when performing system pressure
calculations. For these calculations, S-RELAP5 can either be coupled to ARTEMIS or
run standalone. As with the use of S-RELAPS in ARITA, the code is not affected by the

presence of Cr-coated cladding.
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15.2.2 Reactivity Initiated Accidents (RIA)

Regulatory Guide (RG) 1.236, “Pressurized-Water Reactor Control Rod Ejection and
Boiling-Water Reactor Control Rod Drop Accidents,” describes analytical limits and
guidance for analyzing the short-term reactivity insertion and demonstrating compliance
with 10 CFR Part 50, Appendix A, “General Design Criteria for Nuclear Power Plants,”
General Design Criterion (GDC) 28, “Reactivity Limits.” It also defines fuel cladding
failure thresholds, including ductile failure, brittle failure, and pellet-clad mechanical
interaction (PCMI), to support radiological consequence assessments. To demonstrate
applicability of RG 1.236 to the PROtect E-ATF design, Framatome performed an
evaluation of the Cr-Zr eutectic reaction associated with Cr-coated MS¢rramatome cladding.
The eutectic forms at approximately 1332 °C, substantially lower than the melting
temperatures of the constituent metals and could cause localized liquefaction at the
coating-substrate interface and expose unprotected zirconium to high-temperature
oxidation. The study assessed whether this reaction could occur during a PWR CREA
prior to established cladding failure thresholds defined in Section 3 of Regulatory Guide
(RG) 1.236. The evaluation considered all relevant RG 1.236 failure criteria:

(1) high-temperature brittle and ductile cladding failure, (2) DNB-based fuel thermal
limits, and (3) PCMI.
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Framatome also performed mechanical testing on irradiated Cr-coated M5rramatome

segments to determine whether the Cr coating alters ductility or strain capacity under

post-irradiation conditions. The results indicate that [

ATF-1ISG-2020-01 (Reference 3), which states:
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“If it can be shown that the Cr coating has a beneficial or negligible impact on
the uniform elongation relative to the reference Zr alloy cladding, then it could
be reasonably argued that the current RIA failure limits are applicable to
Cr-coated Zr cladding.”

Note that the favorable corrosion resistance of M5rramatome Cladding is further enhanced
by the Cr coating, resulting in an expected end-of-life excess hydrogen content that is

extremely low — potentially negligible - at PWR operating conditions.

With respect to maintaining coolable core geometry, RG 1.236 establishes
enthalpy-based limits - 230 cal/g maximum peak radial average fuel enthalpy and
restrictions on allowable fuel melting - to ensure that fuel rods do not experience

catastrophic failure or molten fuel-coolant interactions that would threaten core

coolability. [

] NRC guidance in Reference 3 [

] stating:

“The formation of a low-temperature eutectic with a thin coating may not
represent a loss of geometry such as generalized cladding melting, but the
formation of the eutectic should either be considered under this damage
mechanism or under overheating of the cladding.”




Framatome Inc. ANP-10359NP

Revision 0
PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in
Framatome PWR Methods
Topical Report Page 15-7

Framatome’s investigation of the potential eutectic reaction concluded that [
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16.0 LOCA

The Reference 1 LOCA evaluation models (EM), Realistic Large Break LOCA
(RLBLOCA) and Small Break LOCA (SBLOCA) (stemming from Reference 21 for
RLBLOCA and Reference 22 as supplemented by Reference 23, respectively) utilize
S-RELAPS5 with GALILEO as the fuel rod code. The GALILEO fuel rod code updates are
described in Section 12.1. This section provides the updates for cladding models used

for LOCA transient analyses. No changes are made to the underlying LOCA EMs.

This section also addresses the criteria for demonstrating acceptable emergency core
cooling systems (ECCS) performance when Cr-coated M5eramatome Ccladding is used.
16.1 Cladding Emissivity

Any radiative heat transfer from the cladding outer surface would be impacted by a

change in the emissivity.

The emissivity of metallic surfaces increases with oxidation, reaching saturation as the
oxide becomes opaque. The emissivity is also impacted by temperature, generally

increasing with temperature until a plateau is reached.

The emissivity of Cr-coated M5gramatome Samples was measured [

] (Section 7.8). The range of temperatures tested [
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[

16.2 Swelling and Rupture

The physical occurrence of cladding swelling and rupture during a LOCA is represented
in the LOCA analyses via a cladding swelling and rupture model (SRM). Section 13.1 of
Reference 6 describes the swelling and rupture models applicable to M5framatome
cladding. Consistent in application to the NUREG-0630 (Reference 24) SRM, the
M©5kramatome SRM includes provision for determining the occurrence of rupture as a

function of cladding temperature, the degree of swelling at and away from the rupture

location, and the amount of assembly flow area reduction. [

]

Section 16.2.5 describes the process that will be used to incorporate additional data.
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16.2.1 Rupture Temperature

The rupture temperature [

16.2.2 Rupture Strain
The rupture strain curves for M5rramatome cladding and its application in LOCA analyses

are described in Section 13.1.4.3 of Reference 6. [



Framatome Inc. ANP-10359NP
Revision 0

PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in

Framatome PWR Methods

Topical Report Page 16-4

[

16.2.3 Pre-Rupture Strain

The pre-rupture strain correlation for MSrramatome cladding and its application in LOCA

analyses are described in Section 13.1.4.2 of Reference 6. [

16.2.4 Assembly Blockage

The assembly blockage factors (ABF) for M5rramatome cladding and its application in

LOCA analyses are described in Section 13.1.4.4 of Reference 6. [
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[

16.2.5

Future Data Accommodation
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16.3 Metal-Water Reaction

[

The goal with coated claddings is to impede that reaction and thereby improve safety in
accident conditions. The steam oxidation of the Cr-coated MSrramatome cladding is
significantly reduced (Figure 16-11) but is still exothermic, obeying the following

stoichiometric equation:
2Cr (s) + 3H,0 (g) — Cr,05 (s) + 3H, (g) + 3.7 x 108 J/kg-Cr (16-2)

As described in (Reference 25), the coating will be gradually consumed by the reaction

and by diffusion of chromium into zirconium [

The oxidation of both zirconium and chromium is modeled using a parabolic rate law
governed by Arrhenius-type kinetics described by a pre-exponential factor (A, reaction

rate coefficient) and an activation energy, E. The coefficient values for Cr-coated

M©5kramatome Cladding were developed from oxidation tests [

] Table 16-1 shows the values for Cr-coated M5rramatome

cladding. Figure 16-12 shows a comparison of the data to the prediction using the

Table 16-1 coefficients.
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16.4 LOCA Limits

10 CFR 50.46 defines performance requirements for ECCS in the context of a design
basis LOCA. To protect public health and safety, the regulation ensures that the reactor
core remains coolable and containment remains intact which thereby limits radiological
release. Analytical limits to meet those objectives, such as those in 10 CFR
50.46(b)(1)-(b)(3), inherently depend on the fuel product. Section 13.3 and the response
to RAI 7 of Reference 6 provide the ECCS performance criteria for plants using fuel with
Mb5kramatome Cladding. This section provides the equivalent criteria for Cr-coated

M5Framatome Cladding .

10 CFR 50.46 also contains qualitative criteria:

1. The core geometry remains amenable to cooling
2. Long-term core cooling is maintained

Criteria such as these are not affected by the fuel product and remain applicable for

Cr-coated M5rramatome Cladding.

16.4.1 Post Quench Ductility

When the U.S. LOCA criteria were established in the 1970s, the retention of ductility
was considered the best guarantee against potential fragmentation under various types
of loading (e.g., thermal-shock, bundle constraint, hydraulic, handling, and seismic
forces). The preservation of cladding ductility, via compliance with the peak cladding
temperature (PCT) and equivalent cladding reacted (ECR) criteria, provides a level of
assurance that fuel cladding will not experience gross failure and ensures that a

coolable core geometry will be maintained.
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The cladding embrittlement mechanisms for a zirconium-based alloy during a LOCA

are:

Beta-layer embrittlement by oxygen

Beta-layer thinning

Hydrogen-enhanced oxygen embrittlement

Localized hydrogen-induced embrittlement in the balloon region
Oxygen pickup from the cladding inner surface
Hydrogen-induced embrittiement from breakaway oxidation

2 e i

The original tests that established the 10 CFR 50.46 PCT and ECR limits primarily
addressed beta-layer oxygen embrittlement and beta-layer thinning. Additional
justification was required to account for all degradation mechanisms affecting
mechanical behavior during a LOCA. Hydrogen-based limits like those proposed in
Draft 10 CFR 50.46¢ explicitly address the third embrittlement mechanism (hydrogen-
enhancement), but like the original limits, they must be justified against all relevant
degradation mechanisms, including cladding rupture. In this context, the ECR limit
serves as a convenient proxy for limiting the time cladding remains at elevated

temperatures.

Post-Quench Ductility (PQD) testing [
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Testing was also conducted to investigate [

16.4.2 Core Wide Oxidation

10 CFR 50.46 sets a limit on how much zirconium alloy cladding can oxidize during the
LOCA, thereby limiting the hydrogen production. A conversion must be applied to the
core wide oxidation limit of 1% to maintain the same safety framework for Cr-coated

M5Framatome Cladding .
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Since hydrogen production is directly tied to oxygen reacted and 1 mole of Hz is
produced per mole of O (H20) reacted, regardless of the material reacting with the
steam, the mass of oxygen reacted per unit area for both zirconium and chromium is

compared. For both materials:

e The mass of metal reacted is derived from the stoichiometric relationship

between the metal and oxygen during oxidation.
- Zirconium reacts with oxygen in a 1:2 molar ratio.
- Chromium reacts with oxygen in a 2:3 molar ratio.
Using these stoichiometric relationships and known molar masses, the ECR

expressions for both materials can be rewritten in terms of the mass of oxygen reacted

per unit area, Wo.

By equating the oxygen uptake for both materials (to ensure equivalent hydrogen
generation), the conversion factor between the as-calculated ECR values for zirconium

and chromium is:
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Table 16-1
Reaction Rate Coefficients
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Figure 16-1
EDGAR Rupture Temperature Data [
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Figure 16-2
EDGAR Rupture Temperature Data [
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Figure 16-3
Rupture Temperature Correlations — Comparison Between M5rramatome
and Cr-coated M5framatome Cladding
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Figure 16-4
EDGAR Rupture Strain Data [
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Figure 16-5
EDGAR Rupture Strain Data [
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Figure 16-6
Rupture Strain Curves — [
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Figure 16-7
EDGAR Pre-Rupture Strain Data [
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Figure 16-8
EDGAR Pre-Rupture Strain Data [
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Figure 16-9
Pre-Rupture Strain Curves — [
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Figure 16-10
Assembly Blockage Factors — [
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Figure 16-11
Oxidation vs. Time — [
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Figure 16-12
[ ] Data and Correlation




Framatome Inc. ANP-10359NP

Revision 0
PROtect: Incorporation of Chromium-Coated M5 Cladding Material Properties in
Framatome PWR Methods
Topical Report Page 16-24

Figure 16-13
[ ] samples Oxidized [ ]
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Figure 16-14
] Samples Oxidized [
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17.0 SURVEILLANCE

The same surveillance process as described within Section 14.0 of Reference 6 will be

utilized for Cr-coated M5Framatome Cladding.
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