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Executive Summary

The objective o f the GE project is to demonstrate tha t advanced steels such as iron- 

chrom ium -alum inum  (FeCrAI) alloys could be used as accident to lerant fuel cladding material in 

commercial light w ater reactors. The GE project does not include fuel development. Current 

findings support the concept tha t a FeCrAI alloy could be used for the cladding o f commercial 

nuclear fuel. The use of this alloy will benefit the public since it is going to make the power 

generating light w ater reactors safer. In the Phase 1A of this cost shared project, GE (GRC +

CNF) teamed with the University o f Michigan, Los Alamos National Laboratory, Brookhaven 

National Laboratory, Idaho National Laboratory, and Oak Ridge National Laboratory to study 

the environmental and mechanical behavior o f more than eight candidate cladding material 

both under normal operation conditions o f commercial nuclear reactors and under accident 

conditions in superheated steam (loss o f coolant condition). The main findings are as follows:

1) Under normal operation conditions the candidate alloys (e.g. APMT, Alloy 33) showed 

excellent resistance to general corrosion, shadow corrosion and to environmentally assisted 

cracking. APMT also showed resistance to proton irradiation up to 5 dpa.

2) Under accident conditions the selected candidate materials showed several orders of 

magnitude improvement in the reaction w ith superheated steam as compared w ith the 

current zirconium based alloys.

3) Tube fabrication feasibility studies o f FeCrAI alloys are underway. The aim is to obtain a wall 

thickness tha t is below 400 pm.

4) A strategy is outlined for the regulatory path approval and for the insertion o f a lead fuel 

assembly in a commercial reactor by 2022.

5) The GE team worked closely w ith INL to have four rodlets tested in the ATR probably starting 

in February 2015. GE provided the raw stock for the alloys, the fuel for the rodlets and the 

cost for fabrication/welding o f the rodlets. INL fabricated the rodlets and the caps and 

welded them to provide hermetic seal.

The replacement o f a zirconium alloy using a ferritic material containing chromium and 

aluminum appears to be the most near term implementation for accident to lerant fuels.

DE-NE0000568, Final Report Phase 1A FY2013-2014 - ATE FOA General Electric 2



Comparison between the Outcome and the Goals and Objectives

The PROJECT OBJECTIVES Outlined in the 2012 proposal are shown below.

GE Global Research, partnered w ith the University o f Michigan, Los Alamos National Laboratory, 

and Global Nuclear Fuels, proposes to demonstrate tha t ferritic/m artensitic advanced steels 

will be accident to lerant fuel (ATE) cladding materials for current commercial light water 

reactors. The objectives o f a successful project implementation will demonstrate: (1) The use of 

advanced steel materials will maintain or improve the fuel cycle length and will improve the 

behavior of the fuel bundle under severe accident scenarios such as in the case o f loss-of- 

coolant accident (LOCA), (2) Under a severe accident scenario, the use o f ferritic advanced steel 

materials will provide an improvement over the current designs by reducing the production 

hydrogen gas and by delaying the release o f fission products into the environment, and (3) A 

regulatory and business plan can be established to develop a concept by the nuclear fuel 

industry to commercialize ATE for existing light water reactors.

PROJECT DESCRIPTION as outlined in the 2012 Proposal

Fuel cladding material need to have specific properties and requirements such as com patib ility 

w ith the fuel and the coolant, be resistant to irradiation, adequate transparency to neutrons, 

have high strength at the normal operation conditions, etc. This project aims at measuring the 

most critical properties not only for the normal operating conditions o f the reactor (e.g., water 

at 300°C) but also for accident conditions, where temperatures in the order of 600°C and higher 

maybe expected. There are five specific tasks: (1) Environmental Degradation, (2) Fabrication 

Evaluations, (3) Fuel Assembly Evaluations and Business Plan, (4) Materials Characterization, 

and (5) Program Management.

TASKS PROPOSED in 2012

Task 1—Assess Environmental Degradation

The exposure o f the cladding materials to high temperature water and steam will promote 

environmental degradation tha t may accelerate the release of fission products and hydrogen 

gas to the environment. It is im portant to study several of these degradation mechanisms as a 

function o f the main variables including temperature and applied load both under normal 

operation (or design) conditions and under offset (or beyond design) conditions. These studies
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will determine the relative benefit o f using ferritic/m artensitic cladding materials to replace 

zirconium alloys.

Task 1.1—Determine Environmentally Assisted Cracking Susceptibility 

Task 1.2—Perform Degradation Rate Tests in Steam

Task 1.3—Perform Thermal Gravimetric Analysis (TGA) and Measure Hydrogen Gas Release 

Task 1.4—Study Corrosion and Electrochemical Effects 

Task 2—Perform Fabrication Evaluations

The aim of this task is to determine the feasibility o f fabricating advanced steel materials into 

long tubing while still maintaining their desirable features tha t make them resistant to 

degradation at the higher temperatures.

Task 3—Evaluate Fuel Assemblies and Implement Business Plan

It is im portant to have an early evaluation o f the regulatory path and business plan to replace 

current zirconium alloy cladding material w ith advanced steels in order to predict the likelihood 

tha t a lead test assembly can be installed in a commercial light water reactor by 2022.

Task 4—Perform Materials Characterization (Irradiation and Effects on Microstructure)

Test the effects of irradiation on the tensile properties and m icrostructure o f the proposed 

cladding materials under prototypic irradiation conditions.

Task 5—Program m anagement

Manage the path o f the project, avoid unnecessary duplications and encourage 

com plementary tasks.
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Project Activities for FY2013 and FY 2014 -  Phase 1A of the ATF GE Project.

1. Introduction

Following the north east Japan events at Fukushima in March 2011, the U.S. Department 

o f Energy Office o f Nuclear Energy (DOE-NE) is working to develop nuclear fuels and claddings 

w ith enhanced accident tolerance [1, 2],

A fuel may be defined as having enhanced accident tolerance if, in comparison w ith the 

current U02-zirconium alloy system, it can tolerate loss o f active light water cooling in the 

reactor core for a considerably longer time period while maintaining or improving fuel 

performance during normal operations and operational transients, as well as in design basis 

and beyond design-basis events. The enhanced fuel material should have

• Improved reaction kinetics w ith steam;

• Slower hydrogen production rate;

• Improved cladding and fuel properties;

• Enhanced retention o f fission products.

The commercial nuclear energy in the United States had its origin in the nuclear navy 

[3], The navy originally adopted zirconium based alloys over stainless steels for the fuel 

cladding mainly because of the higher transparency to neutrons o f the form er making the 

reactors more com pact for submarine applications [4, 5], The use o f zirconium as a cladding 

material for nuclear fuel in the US navy was practically unilaterally enforced by Rickover [3], In 

spite o f the thermal neutron cross section o f stainless steels being approxim ately 12-16 times 

higher than for zirconium alloys it is now understood that the fuel enrichment penalty incurred 

by the use o f stainless steel cladding can be partially overcome by using thinner wall advanced 

stainless cladding because they are stronger than the zirconium alloys [5, 6], The best steels 

would be the ferritic since they do not contain the high neutron absorbing nickel [6], The 

average thermal neutron absorption cross section for a zirconium alloy is 0.20, for the 

traditional type 304 SS it is 2.86, for the high nickel type 310 SS it is 3.21 and for the ferritic 

APMT alloy the cross section is 2.47 [6],
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At the beginning o f the nuclear navy program, the susceptibility to cracking o f sensitized 

stainless steels in high temperature water initially relegated the stainless steels in cladding 

material research and development as compared to the zirconium alloys. Six decades later, it 

is now understood tha t high strength ferritic stainless steels are resistant to environmental 

cracking and irradiation damage, which would not lim it their application as fuel cladding in light 

water reactors [7], Moreover, current significant progress in steelmaking practices shows tha t 

the chemical purity in modern steels can be highly controlled. Similarly, there is an increased 

ability in the fabrication o f these advanced steels into thin walled tubes, including readily 

joining (welding) by several techniques.

Terrani et al. cite several uses in the industry o f non-zirconium alloys as fuel cladding, 

including type 304, 316 and 347 austenitic stainless steels and austenitic nickel based alloys 

such as Inconel 600 and Incoloy 800 [5], Type 304 SS fuel cladding was used for some time in 

US commercial light w ater reactors, for example at the Connecticut Yankee and San On of re 1 

power stations [8], The early cracking o f type o f 304 SS was linked to sensitization due to 

welding o f high carbon alloys. The cracking phenomenon of sensitized stainless steels is now 

well understood and controlled and it is not a current concern in light water reactors.

The GE project is focused on developing a new metallic cladding material to replace the 

current zirconium based alloy. The GE project does not include fuel development. The GE 

proposal path to obtain an accident to lerant fuel is to use advanced ferritic steels (e.g. Fe-Cr-AI 

alloys) for the cladding o f existing commercial uranium oxide fuel.

Behavior of Ferritic and Austenitic Steels in Light W ater Reactors

Austenitic stainless steels such as types 304 and 316 are highly susceptible to stress 

corrosion cracking in chloride containing environments, especially at temperatures higher than 

60°C [9], The most common tests used in the industry to determine susceptibility to chloride 

cracking are immersion o f U-bend specimens (ASTM G 30) into hot solutions o f chloride salts 

including magnesium chloride or sodium chloride (ASTM G 36 and G 123). Ferritic stainless 

steels such as types 405 and 430 are highly resistant to SCC in hot chloride solutions [9,10],

Austenitic stainless steels such as type 304, 308, 316, 321 and 347 are used extensively 

worldwide as construction materials for light w ater power reactors [11], In the USA the most
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common austenitic alloy may be type 304 SS (UNS S30403) and in Japan the preferred stainless 

steel is type 316 (S31603). European countries such as Germany may prefer to use titanium  (Ti) 

or niobium (Nb) stabilized types o f stainless steel such as type 321 (S32100) and 347 (S34700). 

Austenitic stainless steels are susceptible to stress corrosion cracking (SCC) in boiler water 

reactor (BWR) service and in a lesser extent in pressurized water reactor (PWR) service [11],

Austenitic stainless steel (SS) core internals components are susceptible to irradiation 

assisted stress corrosion cracking (IASCC) during service in nuclear power plants light w ater 

reactors [12,13,14]. One of the effects o f irradiation is the hardening o f the SS due to 

modifications in the dislocation distribution in the alloy [15,16]. Irradiation also alters the local 

chemistry o f these austenitic alloys, for example in the vicinity o f grain boundaries by a 

mechanism of radiation induced segregation (RIS). The segregation or depletion phenomena at 

or near grain boundaries may enhance the susceptibility o f these irradiated austenitic alloys to 

stress corrosion cracking (SCC) [17,18]. The effect of the IASCC on austenitic stainless steels 

may im pact the life extension o f currently operating light water reactors due to the progressive 

dose accumulation by the materials [19].

In nuclear power plant applications, ferritic steels have superior void swelling resistance 

because they experience delayed void nucleation and they sustain less than 2% swelling even 

at irradiation levels close to 200 dpa [20], On the other hand, austenitic stainless steels such as 

type 304 undergo the onset o f significant void swelling and possible em brittlem ent at dose 

rates in the order o f 20 dpa [17].

Besides the higher resistance o f ferritic steels to irradiation damage, other benefits that 

could make these steels more attractive than the austenitic stainless steels in nuclear 

applications and specially as accident to lerant fuel (ATF) cladding include: (1) Ferritic materials 

have lower cost since they do not contain nickel (Ni), and generally contain lower chrom ium (Cr), 

(2) They do not contain nickel (Ni) or cobalt (Co) tha t could be become activated in commercial 

reactors, (3) They offer a lower coefficient o f thermal expansion (CTE) tha t matches the CTE of 

pressure vessel ferritic alloys such as type A508, A516, or A533, and (4) Ferritic steels have 

higher thermal conductivity for heat transfer capabilities (Table 1.1) (Figure 1.1).
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Table 1.1 -  Physical Properties of Ferritic and Austenitic Steels

M aterial CTE (0-538°C) 
pm /m /°C

Therm al Conductivity 
a t 100°C (W/m.K)

Zircaloy-2 8.32 & 15.7 (orientation 
dependent)

13.8

Ferritic type 430 (16% Cr) 11.4 23.9
Austenitic type 304L (18% Cr) 18.4 16.2

Ferritic Steels 
have Low 

Coefficient o f 
Thermal

Expansion and
High Thermal
Conductivity

Orders o f
Magnitude More

A Advanced
Steels

A
Ferritic Steels 
have Reduced 

Nickel for 
Activation and 

Lower Cost

Resistant to 
Radiation 

Damage such as 
Swelling

Figure 1.1: Desirable Characteristic of Ferritic Stainless Steels for ATF Cladding
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Reaction of Cladding M aterials with Steam

In the case o f a loss o f coolant accident (LOCA), such as in the Fukushima Daiichi 

situation, the cladding o f the fuel will be exposed to steam. The zirconium alloy plus steam 

reaction has been widely studied under loss o f coolant accident scenarios [5, 21, 22, 23, 24, 25, 

26],

Zircaloy oxidizes in presence o f steam to form  zirconia and hydrogen following an 

exotherm ic reaction:

Zr + 2 H2O —► ZrC>2 + 2 H2 AH = -586  kJ/mole (-140 kcal/mole) (1)

According to Baker and Just the chemical heat generated by the reaction o f zirconium and 

steam in (Equation 1) could exceed the nuclear heat generation during a destructive nuclear 

transient. Moreover, the hydrogen generated by the reaction could give rise to a pressure 

surge and m ight subsequently react explosively w ith air [22],

The oxidation behavior o f iron based alloys in steam was recently reviewed and updated 

comparing to the behavior o f zirconium alloys [5, 26], At 1200°C, the degradation o f APMT was 

practically nil (no mass change) after 8 h exposure at 1000°C while the degradation o f Zircaloy- 

2 was complete for the same period o f time [26], APMT offers extraordinary resistance to 

reaction with steam at temperatures higher than 1000°C because it allows first for the 

form ation o f a protective C^CA scale which subsequently allows for the form ation o f a 

continuous protective AI2O3 scale between the metal and the C^CH scale. It is this AI2O3 scale 

what protects the alloy against further oxidation in steam [26, 27, 28], Cheng et al. studied the 

oxidation behavior o f several new cladding candidates (SiC, stainless steels 304 and 317, alloy 

PM 2000 and iron-based alloys w ith 15-25% Cr) at 800,1000 and 1200°C [28], They concluded 

that, aluminum in the PM 2000 alloy formed a very protective alumina layer which significantly 

reduced the mass loss compared to the other materials under superheated steam conditions 

[27], Pint et al. also showed the effect o f the content o f Cr on the degradation o f ferrous alloys 

[26], It was reported tha t the content o f Cr is im portant and that, in the absence of Al, at least a 

25% of Cr may be required in the iron alloy to offer protection against steam [26], However, it is 

likely tha t if the alloy also contains approxim ately 5% Al, lower am ount o f Cr may be needed to 

offer a sim ilar resistance to oxidation.

DE-NE0000568, Final Report Phase 1A FY2013-2014 - ATF FOA General Electric 9



2. Approach of GE Research for the Selection ATF Cladding M aterial

Based on the available literature information, General Electric has decided to select a 

few steels to characterize them for the ATF cladding application. Table 2.1 gives the list o f the 

materials studied w ith their nominal chemical composition. Zircaloy-2 was also studied for 

comparison as a current base line material. Table 2.1 shows a list o f ferritic materials 

containing from 9% chrom ium (Cr) (T91) to 27% Cr (Ebrite). Some of the ferritic materials also 

contain aluminum (such as MA956 and APMT) for resistance against superheated steam. The 

only austenitic material in the list is Alloy 33 (33% Cr) since previous data showed tha t it is 

highly resistant to environmental cracking in high temperature water (reactor design 

conditions).

Table 2.1 -  List o f M aterials Studied

Alloy Nominal Composition
A Zirc-2 UNS R60802 Zr + 1.2-1.7 Sn + 0.07-0.2 Fe + 0.05-0.15 Cr + 0.03-0.08 Ni
B Ferritic steel T91 K90901 Fe + 9 Cr+ 1 Mo + 0.2 V
C Ferritic steel HT9 S42100 Fe + 12 Cr + 1 Mo + 0.5 Ni + 0.5 W + 0.3 V
D Nano ferritic alloys NFA e.g. 14YWT; Fe + 14 Cr + 0.4 Ti + 3 W + 0.25 Y O

y  2 3

E MA956 or UNS S67956 Fe + 18.5-21.5 Cr + 3.75-5.75 Al + 0.2-0.6 Ti + 0.3-0.7 Y O
2 3

G APMT Fe + 22 Cr+ 5 Al + 3 Mo
H HiqhCr Ebrite S44627 Fe + 25-27.5 Cr + 1 Mo + 0.17 (Ni + Cu)
J Alloy 33 -  UNS R20033 33 Cr + 32 Fe + 31 Ni + 1.6 Mo + 0.6Cu + 0.4 N

Figure 2.1 shows the systematic approach undertaken by GE to characterize the suitability of 

the materials for the cladding application. The first step is concerned with the suitability o f the 

selected material to perform well under normal operation or design conditions of the reactor. If 

the material does not resist general corrosion or stress corrosion cracking in high temperature 

water (e.g. 300°C) it would not be a suitable material for the cladding. The second step in Figure 

2.1 is if the material will perform well under accident conditions or beyond design conditions 

when there is a lack of coolant (light water). That is, in presence o f superheated steam (accident 

conditions) the candidate steel has to outperform  the current materials such as Zircaloy-2. 

Figure 2.2 shows the types o f tests tha t were performed in Phase 1A or will be performed in 

Phase IB  (contract DE-NE0008221) for both design and beyond design conditions (Fretting and 

Quenching tests will be performed in Phase IB). At the end o f Phase 1A we have demonstrated 

convincingly tha t several o f the studied materials (such as APMT) in Table 2.1 pass both the first
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and second step in Figure 2.1, tha t is, they perform better than Zircaloy-2 both under normal 

operation conditions and under accident lack o f coolant conditions. The third step in Figure 2.1 

is Fabrication Feasibility, which will be addressed in more detail in Phase IB. Similarly, in Phase 

IB  modeling and calculations will be performed to address the issue o f neutronics and cost 

associated to the deployment o f a new cladding rod into a commercial light water reactor.

Environm ental D egradation Under Norm al Operation Conditions

Environm ental D egradation Under Accident Scenarios

Fabrication Capabilities

Regulatory Analysis, Fuel Economy

Figure 2.1: Systematic Steps to Study and Rate the ATF Candidate Cladding Materials

Testing under 
Accident Conditions i t Oxidation in 

Superheated

Super Heated Steam 
>800°C

V
2)

Steam
Quenching Tests

1) General
Testing under Corrosion

Normal Operation 2) Shadow
Conditions

3)
Corrosion
Environmental

High P urity  W a te r Crack
-SOO^C Propagation

4) Fretting

Beyond
Design

Design
Conditions

Figure 2.2: Environmental Testing of ATF Candidate Cladding Materials performed under 
Norm al Operation Conditions and Beyond Design (Accident) Conditions.
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BEHAVIOR OF CANDIDATE MATERIALS UNDER NORMAL OPERATION CONDITIONS

3. Advanced Steels Resistant to General Corrosion in High Temperature Water

During its lifetime performance under normal operation conditions it is essential tha t the 

cladding does not breach releasing fission products from the fuel into the water. That is, 

sim ilarly to the actual zirconium based alloys, the candidate replacement alloys should not 

corrode excessively in water at ~300°C nor suffer environmentally assisted cracking under 

similar conditions. The life of a fuel bundle in a commercial reactor is generally less than 10 

years, that is, under normal operation conditions the cladding should be able to maintain 

hermetic integrity for this period o f time.

Coupons of the candidate materials were tested for general corrosion under laboratory 

simulated normal operation conditions of commercial light w ater reactors. Four sets of 

autoclaves were used (Table 3.1). The degradation o f the immersion coupons is currently being 

evaluated by weight (mass) change, standard metallographic procedures and surface analysis 

techniques. The corrosion behavior is also being evaluated by using electrochemical 

techniques such as monitoring the corrosion potential as a function o f time. The corrosion 

potentials o f coupons o f all the alloys (including Pt) were continuously monitored using a 

zirconia membrane reference electrode containing copper and copper oxide, whose reference 

potential is 273 mV higher than the standard hydrogen electrode (SHE) in pure water at 550°F 

(288°C).

In all the autoclave systems (S-2, S-5, S-6, and S-14) the water was re-circulated at a 

flow rate o f 100 cm Vm in and reconditioned (filtered) before entering again the autoclaves.
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Table 3.1 - Immersion Tests under Simulated Norm al Operation Conditions

Autoclave Test Conditions a t GE GRC Alloys under Testing

2584 S-2 Simulated PWR, High Purity Water, 330°C T91,14YWT, APMT

2584 S-5
Simulated BWR, Hydrogen Water 
Chemistry (63 ppb H2), 288°C

T91,14YWT, APMT

2584 S-6
Simulated BWR, Normal W ater Chemistry 
(2000 ppb 0 2), 288°C

T91,14YWT, APMT

2520 S-14
Simulated BWR, Normal W ater Chemistry 
(2000 ppb 0 2), 288°C

Zirc-2, T91, HT9,14YWT 
NFA, MA956, APMT, 
Ebrite, Alloy 33

Results from autoclaves S-2, S-5 and S-6 are not reported here since they are still in 

testing. Figures 3.1 and 3.2 show the mass (weight) change for the alloys exposed to autoclave 

S-14 for incremental periods o f 32 days, 121 days, 213 days and 366 days. The mass change is 

reported as mass gained per unit area per day. Figure 3.1 shows the mass change rate for two 

coupons each o f Zirc-2 (the current baseline material for cladding in commercial light water 

reactors) and the newly studied materials T91, HT9 and NFA (Table 2.1). As the exposure time 

increased the rate o f mass gain for the four alloys decreased, showing tha t a protective oxide 

film developed on the surface tha t slowed down the rate o f material degradation (Figure 3.1). 

Figure 3.1 also shows tha t up to one year exposure the mass change for T91 (9CrlMo) was 

comparable to the mass change for Zircaloy-2. The mass change rate for HT9 (12CrlMo) and 

NFA (14Cr) were lower than for T91. That is, all the tested alloys in Figure 3.1 showed equal or 

better corrosion resistance performance than the current Zircaloy-2 material under normal 

operation conditions. Figure 3.1 also shows the mass change trend according to a power fit for 

both Zircaloy-2 and HT9.

Figure 3.2 shows the mass change rate for two coupons each o f Zirc-2 (the current 

baseline material for cladding in commercial light water reactors) and the newly studied 

materials MA956, APMT, Ebrite and Alloy 33 (Table 2.1). It also shows the power law fit for the 

mass change rate for Zircaloy-2 and APMT. It is clear again tha t all the new candidate alloys 

investigated in Figure 3.2 had a mass gain rate lower than tha t for Zircaloy-2. The data for one
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year exposure shows tha t the mass gain rate for APMT was approxim ately one order of 

magnitude lower than for Zircaloy-2.

Figure 3.3 shows the corrosion potential as a function of time for eight materials 

including Zirc-2 and platinum. The lowest corrosion potential (most active material) 

corresponded to Zircaloy-2 and the highest corrosion potential (most noble material) 

corresponded to platinum. All the seven iron and chrom ium containing materials had corrosion 

potentials tha t were in a narrow potential band of less than 50 mV. The lowest potential o f the 

seven iron and chrom ium containing materials was for T91 (9CrlMo), the most active o f the 

steels. The values o f corrosion potential in Figure 3.3 agree well w ith the mass gain as a 

function o f time shown in Figure 3.1.

Results from Figures 3.1, 3.2 and 3.3 show tha t any o f the tested steels will perform as 

good or better than zirconium alloy from the general corrosion point o f view in high 

temperature water (design conditions).

Figure 3.4 shows the aspect o f the corroded coupons at X10,000 magnification after one 

year o f immersion in 288°C water. Figure 3.4 shows tha t both HT9 and NFA had small oxide 

crystals on the surface o f the tested coupons suggesting little oxide growth. On the other hand, 

alloy T91 had larger equiaxed crystals on the surface. The shape of the crystals seem to change 

comparing between APMT, Ebrite, MA956 and Alloy 33, probably because of the different 

elements (Fe, Cr, Al, etc.) present in the oxide film which form different crystallographic 

structures.
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Figure 3.1: Mass change per unit area and unit tim e for Zirc-2, T91, HT9 and NFA coupons 
exposed to pure w ater + 2 ppm 0 2  a t 288°C for a total tim e of 366 days.
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Figure 3.2: Mass change per unit area and unit tim e for Zirc-2, MA956, APMT, Ebrite and 
Alloy 33 coupons exposed to pure w ater + 2 ppm O2 a t 288°C for a total tim e of 366 days.
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Figure 3.4 shows the images for two coupons for each alloy. For example, for Zircaloy-2, 

the images are shown for coupons RA1 and RA2, etc. The letter A corresponds to Zircaloy (Table 

2. 1)
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RA1, Zircaloy-2

RC1, HT9

l l  x

\

*

Q

RA2, Zircaloy-2

RC2, HT9
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RD1, NFA RD2, NFA

RE1, MA956 RE2, MA956

RG1, APMT RG2, APMT
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RH1, Ebrite RH2, Ebrite

RJ1, Alloy 33 RJ2, Alloy 33

Figure 3.4: SEN images a t 10.000X of the coupons surface a fter exposure to pure w ater with 
2 ppm O2 a t 288°C for 1 year (366 days) in system S-14.

Figures 3.5 show representative images o f the oxides formed in all the coupons side by 

side to compare morphology, thickness, and structure. Figure 3.6 is a chart comparing the 

average thickness (4-5 measurements on a 30kx field) o f the oxides. From the chart, it can be 

seen tha t there are three groupings o f thickness: Z ircaloy-2/T91»  MA956/E-Brite/Alloy 

33/APMT > NFA/HT9. For the most part, all o f the oxides appear dense and continuous across 

the alloy interfaces. According to Figures 3.5 and 3.6, the tested steels are resistant to corrosion 

in 288°C water and develop thinner oxides than the current Zircaloy-2 material.
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Zircalloy 2 T-91

Alloy 33 I  APMT I

Figure 3.5: Composite of tilted images of 90° cross-sections of all coupons (adjusted to the  
same m agnification.) exposed to 288°C for one year.

T h ickness is ave rage  o f  4 -5  m e a su re m e n ts  o f  o x id e  in a 20  kx fie ld  

E rro r ba rs  a re  + /-  ran g e  o f  m e a su re m e n ts

,
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Seriesl 1228 960 380 366 360 278 149 144

Figure 3.6: Comparison of oxide thickness for the eight m aterials exposed to 288°C w ater
for one year.
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Steels Resistant to Shadow Corrosion in High Temperature Water

In operating boiling w ater reactors, accelerated growth o f ZrC>2 has been observed on a 

zirconium alloy com ponent when it is in close proxim ity to a dissimilar material (e.g., Alloy X-750 

and a stainless steel). This anomalous oxide growth is called "shadow corrosion" since the 

pattern o f the enhanced corrosion resembles the shape of the adjacent metallic components. 

Several hypotheses have been proposed to explain this phenomenon, including a type of 

galvanic corrosion driven by the corrosion potential difference between dissimilar alloys (e.g., 

Zircaloy-2 and Alloy X-750). In current reactors, irradiation o f the zirconium and X-750 type of 

materials make tha t their respective corrosion potential move in opposite direction, thus 

increasing even more the potential gap between the dissimilar materials.

Testing has been conducted in high temperature BWR type water to explore if the 

proposed advanced steel materials would have a similar high temperature behavior as 

Zircaloy-2 when coupled to X-750 spacers. The photo electrochemical response of oxidized 

surfaces was evaluated by introducing the UV light to the specimen through optical fiber glass. 

A schematic view of autoclave system and the high temperature water loop for 

electrochemical measurement under UV illumination are shown in Figures 3.7 and 3.8, 

respectively. The coupled electrodes for galvanic corrosion measurement had a gap o f 1 mm 

between the anode electrode (Zircaloy 2 or ferritic alloys) and the cathode electrode (X-750).

The test specimen was irradiated through the sapphire window.

The corrosion potential o f a metal in contact w ith high temperature water is dependent 

on the water chemistry conditions (e.g. presence o f oxygen or hydrogen), the oxide surface 

nature, such as oxide thickness, composition, conductivity, structure, etc. Also, a change in 

electro-catalytic nature o f the surface associated w ith the chemical compositions o f the oxide 

layers can play a significant role in the corrosion potential behavior o f the materials. Figure 3.9 

shows the corrosion potential behavior o f 304 SS, Alloy X-750, Pt and several advanced steels 

alloys such as APMT in 288°C water under various water chemistry conditions w ithout UV 

illumination. Under oxidizing w ater chemistry conditions (0.6 ppm and 1 ppm O2) and reducing 

water chemistry conditions (0.1 and 0.15 ppm H2), the corrosion potential o f advanced steels 

(APMT, Alloy 33, and NFA) were very similar to tha t o f the well-known materials such 304SS and
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X-750. The corrosion potential o f Zircaloy-2 was always lower than tha t o f other electrodes due 

to the form ation o f insulating oxide, ZrC>2 tha t limited the O2 reduction kinetics. Based on the 

corrosion potential data, it is clear tha t the redox kinetics on ferritic advanced steel alloys 

behaved sim ilarly to tha t o f 304SS or X-750 in high temperature water.

Figure 3.7: Arrangem ent of the test 
electrodes in the autoclave for high 

tem perature photo-electrochem ical tests.

Figure 3.8: High tem peratu re  w ater  
loop for photo-electrochem ical 

m easurem ents.

Test Electrode

Pt Electrode

Temperature
Couple

H„0 In

Reference
Electrode

Chemical
Injection

Test Specimen

Drain line

Sapphire W indow  
fo r UV Guideline
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Figure 3.9: Changes in the corrosion potential o f Zircaloy-2, 304 SS, Alloy X-750, Pt and 
advanced steel alloys in 288°C w ater under oxygen and hydrogen w ater chemistry

conditions.

The corrosion potential behavior o f Zircaloy-2, X-750 and ferritic alloys was measured in 

288°C w ater containing 1 ppm O2 or 0.6 ppm H2O2 w ith and w ithout UV illumination, as shown 

in Figures 3.10 and 3.11. The presence o f UV light decreased the corrosion potential o f Zircaloy- 

2, but increased the corrosion potential o f X-750 in high temperature water. This change in the 

corrosion potential in the presence o f UV light can be explained by the photo excitation o f n- 

type ZrC>2 formed on Zircaloy-2 and p-type NiO on X-750. Also, the corrosion potential o f both 

alloys returned to the previous value when the UV light turned off, indicating no significant 

residual effect o f UV light on the oxide properties o f ZrC>2 and NiO. Figures 3.10 and 3.11 show 

tha t X-750 and advanced steel ferritic alloys behave in a sim ilar way regarding the shift in their 

corrosion potential under both w ater chemistry conditions w ith and w ithout UV. This means 

tha t a Zircaloy-2 component coupled to a X-750 spacer may suffer shadow corrosion in 

presence o f oxidants in the reactor because their corrosion potential grow apart from  each 

other when irradiation is present [30, 31]. However, Figures 3.10 and 3.11 show tha t a APMT

APMT
X-750

Alloy33 -*-N F  
Zircaloy2 - * -P t

304SS288°C
High purity water

0.15ppm H,
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cladding would not adopt a different corrosion potential than a X-750 spacer and therefore 

would not suffer shadow corrosion in the reactor core [30, 31].

-► N F A  —► A P M T  -► A llo y  33  - * - X 7 5 0  ^ Z i r c a l o y  2

1ppm  0 2, 288°C

A lloy  33

irc a lo v 2

UV "O f f " UV "O n" UV "O ff"

20 30 40 50

Im m ersion T im e, m inute

Figure 3.10: Corrosion potential o f Zircaloy-2, X-750 and advanced steels ferritic  alloys 
(APMT, Alloy 33 and NFA) in 288°C w ater containing 1 ppm O2 w ith and w ithout UV

illumination.

0.3
 Zircaloy 2  APMT — NFA  Alloy33  X750

0.6ppm H20 2, 288°C

A llo y 3 3
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Z irc a lo y  2
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Figure 3.11: Comparison of the corrosion potential behavior o f Zircaloy-2, X-750 and 
advanced steel ferritic alloys (APMT, Alloy 33 and NFA) in 288°C w ater containing 0.6 ppm

H2O2 w ith and w ithout UV illumination.
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4. Advanced Steels Resistant to Environmental Cracking

Table 4.1 shows the nan-irradiated and irradiated materials tha t are being tested for resistance 

to environmental cracking. It includes from  T91 (9% Cr) to Alloy 33 (33%Cr) (See Table 2.1 for 

compositions).

Table 4.1 -  Non-lrradiated CT Specimens Tested under Testing a t GE GRC

Specimen ID M aterial Condition Hours Tested
C642 Nano-ferritic As-receivedd 4,970 hours
C646 HT-9, irradiated 38.7 dpa 4,533 hours
C647 HT-9 ferritic 2 1 % cold forged 8,585 hours
C648 APMT ferritic 23% cold forged 10,700+ hours
C649 T91 9%Cr ferritic 23% cold forged 4,624 hours
C680 HT-9, irradiated 7 dpa 1,312 hours
C689 HT-9, irradiated 38.7 dpa 6,500+ hours
C690 9% Cr ferritic 30% cold forged 2,457 hours
C691 20% Cr ferritic 2 0 % cold forged 69 hours
C692 Alloy 33 austenitic 2 0 % cold forged 5,600+ hours
C709 APMT ferritic As-received 2,900+ hours
C710 Nano-ferritic As-received 2,700+ hours

Most o f the 0.5T CT specimens were machined from the plates so that the notch in the 

specimen was positioned in the SL direction of the plate (ASTM E399). Most o f the materials 

were cold forged (CF) by 20%, which increases their yield strength. The 20% cold reduction was 

performed to compare crack propagation results with literature data for austenitic steels, 

which were normally cold reduced. (Cold reduction is used to accelerate crack propagation rate 

and, therefore, minimize the time required for testing). For a plate material, the SL direction 

should be the most susceptible to environmentally assisted cracking, since the crack will have a 

tendency to separate the material along pre-existing rolling lines.

0.5T com pact type specimens were machined w ith 5% side grooves on each side. The 

CT specimens were instrumented w ith platinum current and potential probe leads for dc 

potential drop crack length measurements. In this technique, current flow  through the sample 

was reversed about once per second primarily to reduce measurement errors associated w ith
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thermocouple effects and amplifier offsets. The test was com puter controlled using inputs from 

the relationship between the measured potential and crack length. Data were stored in a 

permanent disk file typically once every 0.69 hours. In addition to the data record number, total 

elapsed and incremental time, and crack length, the system measured and stored temperature, 

current, corrosion potential, dissolved gases, influent and effluent conductivity, load and 

tim e/date. Additionally, both operator and autom ated program messages describing changes 

in the test conditions and test status were a permanent part o f the data record.

The CT specimens were electrically insulated from  the loading pins using zirconia 

sleeves, and w ithin the autoclave a zirconia washer also isolated the upper pull rod from the 

internal load frame. The lower pull rod was electrically isolated from the autoclave using a 

pressure seal and from  the loading actuator using an insulating washer. Ground isolated 

instrumentation was used for the platinum current and potential probe attachm ents to the 

specimen. Testing was performed using servo-electric testing machines equipped with a single 

stage, low flow servo-valve to ensure optimal (non-noisy) response. Crack growth rates can be 

considered statistically meaningful when the crack growth increment is at least 1 0  times the 

resolution o f the technique, which was typically 1 to 5 pm. Thus, crack length increments were 

typically > 50 pm, although for very low growth rate conditions, smaller increments were 

occasionally used to reduce testing time from  several months per datum  to several weeks. 

Generally, the lowest test time for each combination o f variables (e.g. stress intensity) was in the 

order o f 2 weeks or 3 mils (76 pm) o f crack growth. The R2 correlation coefficients from linear 

regression analyses o f the crack lengths vs. time data from which growth rates are calculated 

were typically >0.90.

Deaerated, de-mineralized water was drawn through a demineralizer and submicron 

filter to ensure ultra-high purity (0.055 pS/cm or 18 MG-cm) and then into a glass column (6.4- 

cm diameter by 183 cm long). The volume of the column is approxim ately 4 L, which added to 

the volume of the autoclave and the piping results on a tota l volume of solution in the order of 

7-8 L. A high pressure pump recirculated the w ater from  the column to the autoclave and back 

to the column at a rate o f approximately 1 0 0 - 2 0 0  cm 3/m in (which represents two volumes 

replenishment o f the autoclave each hour). The autoclave effluent was back-pressure 

regulated, then continuously monitored for conductivity and dissolved oxygen. The oxygen 

concentration was controlled by bubbling gas mixtures blended by mass flow  controllers.
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Impurities o f interest (such as 30 ppb sulfate ions as sulfuric acid) were added to the glass 

column using a metering pump, which was controlled via a preset value in the conductivity 

meter. The crack tests were performed in a 4-L (1 gallon) stainless steel autoclave at 550°F 

(288°C) and 1500 psia (10.3 MPa). The corrosion potentials o f the CT specimen and a Pt coupon 

were continuously monitored using a zirconia membrane reference electrode containing 

copper and copper oxide, whose reference potential is 273 mV higher than the standard 

hydrogen electrode (SHE) in pure water at 550°F (288°C).

Once the specimen was loaded in the autoclave and connected to the leads, water 

recirculation started and the temperature and pressure were raised to 550°F (288°C) and 1500 

psi (10.3 MPa), respectively. Cyclic fatigue started at a stress intensity o f 25 ksiVin (27.3 MPaVm) 

using a trapezoidal wave at a frequency o f 0 . 0 0 1  Hz, a load ratio ( K m in / K m ax) R  = 0 . 6  and zero 

holding time. Ideally, once the crack fron t propagated 3 mils (76 pm) in the first step a holding 

time of 9000 s is applied for each cycle at the highest value o f the stress intensity in tha t cycle. 

Again, ideally, after the crack advanced another 3 mils (76 pm), the stress intensity is kept 

constant at the highest value (or a static load, R  = 1) and the crack advance is typically 

monitored for a m inimum time of 2 weeks or a growth o f 3 mils (76 pm). Current results show 

tha t these ideal situations cannot be fully applied for the alloys in Table 4.1 because they are 

highly resistant to environmental cracking and cracking generally stops growing once the high 

frequency loading is transitioned to low frequency loading.

Changes in the crack growth rate were also monitored when the water chemistry was 

changed from  pure w ater to water contam inated w ith sulfuric acid to give 30 ppb 

concentration of sulfate ions or chloride ions. Similarly the crack propagation rate was also 

monitored under oxygenated conditions or normal w ater conditions (NWC or containing 2 ppm 

of dissolved oxygen) and under hydrogen w ater conditions (HWC or containing 63 ppb of 

dissolved hydrogen). The presence o f oxygen or hydrogen controls the corrosion potential of 

the specimen under test. The crack propagation rate is generally lowered when the corrosion 

potential is lowered.
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Results and Discussion for Ferritic Alloys Susceptibility to Cracking

Stress corrosion cracking (SCC) testing was initiated on a nano-ferritic alloy (NFA) 

(specimen c642 in Table 4.1 and Figure 4.1), containing 14% Cr and oxide dispersion hardened 

w ith Y2O3 in the as-received condition (not cold worked). The in-situ fatigue pre-cracking 

proceeded as anticipated. As the frequency was slowed to transition to intergranular SCC 

conditions, cracking slowed down and ceased. The stress intensity and frequency had to be 

increased to re-initiate the cracking; however, as the loading frequency decreased, crack 

growth stalled (Figure 4.1). Figure 4.1 shows tha t even at high stress intensities o f 45 ksiVin and 

an aggressive R value o f 0.45, as the frequency o f the loading was decreased below 0.001 Hz 

the crack stopped growing. That is the crack does not propagate under constant load 

conditions. This crack growth cessation behavior at low frequencies was observed before for 

other ferritic steels containing 5, 9 and 13% Cr [32, 33, 34],
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Figure 4.1: Crack growth rate vs. frequency for specimen c642 a nano-ferritic  ODS alloy 
tested in 288°C w ater containing 2 ppm dissolved oxygen and 30 ppb chloride as HCI 

showing th a t crack arrest occurs as frequency of the loading is decreased.

Table 4.1 shows also the SCC testing o f highly irradiated specimen c646 made of FIT-9 

and received from Pacific Northwest Laboratory. Despite the high neutron dose (38.7 dpa) the 

specimen c646 exhibited excellent resistance to SCC, even with elevated (2 ppm) dissolved
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oxygen and w ith 30 ppb sulfate or chloride. Figure 4.2 shows tha t even at high stress 

intensities o f 38 ksiVin and an aggressive R value o f 0.4, as the frequency o f the loading was 

decreased below 0.001 Hz the crack stopped growing. That is the SCC crack does not 

propagate under constant load conditions, even for highly irradiated ferritic alloys. This crack 

growth cessation behavior at low frequencies was reported before for other ferritic steels 

containing chromium [32, 33, 34],

l .E - 0 5

l .E - 0 6

S'
E

Crack Arrest as Frequency 
Is Decreased in Ferritic SteelsaT

ro
DC

l . E - 0 7

1o K = 2 2  k s i / in ,  R = 0 .4  

K = 2 3  k s i / in ,  R = 0 .4  

K = 2 6  k s i / in ,  R = 0 .4  

K = 2 9  k s i / in ,  R = 0 .4  

K = 3 8  k s i / in ,  R = 0 .4

2
u

l . E - 0 8

c646 - 0.25RCT of HT-9, 38.7 dpa 
22 - 38 ksiVin, 2 ppm Q?, 30 ppb Cl

l . E - 0 9

0 .0 5 0 .0 4 0 .0 3 0.02 0.01 0
Frequency, Hz

Figure 4.2: Crack growth rate vs. frequency for specimen c646 of HT-9 ferritic  steel 
irradiated to 38.7 dpa tested in 288°C w ater containing 2 ppm dissolved oxygen and 30 ppb 

chloride as HCI showing th a t crack arrest occurs as frequency is decreased.

Testing was also initiated on HT9 ferritic steel with 20% cold work (specimen c647 in 

Table 4.1 and Figure 4.3). Figure 4.3 shows tha t even at very high stress intensities o f 40 ksiVin 

and an aggressive R value o f 0.3, as the frequency o f the loading was decreased below 0.001 

Hz the crack stopped growing. That is the SCC crack does not propagate under constant load 

conditions even for this highly cold worked material. In an actual reactor application and 

because of radiation creep relaxation o f constant displacement (e.g., weld residual) stresses, it 

is not anticipated tha t high K and high neutron fluence would co-exist in most cases. That is, 

the residual stresses tha t may exist in a as-fabricated component will relax as the exposure to 

radiation increases. Dynamic strain appears to play a dom inant role in the environmental
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cracking response of ferritic alloys, and the dynamic strain tha t results from crack advance 

(and redistribution o f the stress and strain field near the crack tip) does not sustain SCC as 

readily as is observed in austenitic alloys. Once crack arrest occurs, the ferritic steels require 

significantly more aggressive loading conditions to re-initiate cracking [35],
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Figure 4.3: Crack growth rate vs. frequency for specimen c647 of 21%  cold worked HT9 
ferritic  alloy tested in 288°C w ater containing 2 ppm dissolved oxygen and 30 ppb sulfate as 

H2SO4 showing th a t crack arrest occurs as frequency of loading is decreased.

Specimen c648, 20% cold worked Alloy APMT (Tables 2.1 and 4.1) was tested for SCC 

resistance in high temperature water. The in-situ fatigue pre-cracking was very well behaved, 

and as the frequency was slowed to transition to SCC conditions, cracking was sustained, 

although the crack growth rate was relatively low, both compared to other ferritic alloys and to 

reference austenitic materials like Alloy 600 and type 316 stainless steel. 30 ppb sulfate as 

H2SO4 was introduced at 185 hours, which had no discernible effect on the crack growth rate.

A change of frequency to 0.001 Hz was imposed at 941 hours, followed by a change to 1000 s 

hold at K m ax  at 1990 hours. At 2733 hours, the K  was increased to 30 ksiVin, w ith R=0.5 and 0.03 

Hz. As the frequency was steadily decreased and hold times at K m a x  introduced, the crack 

growth rate slowed but did not dram atically decrease at any step, or arrest. A subsequent
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change from 3000s hold at K m a x  to 9000s hold also reduced, but sustained, the growth rate. 

However, on changing to 85,400s hold at 6188 h (Figure 4.4), crack arrest occurred.
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Figure 4.4: Crack length vs. tim e for specimen c648 of a 23%  cold worked APMT alloy in 
288 C w ater containing 2 ppm dissolved oxygen and 30 ppb sulfate as H2SO4 showing th a t 
high growth rates can be observed a t high AK or frequency, but as the loading conditions 
are m ade less aggressive, cracking does not slow in a controlled fashion, but rather stops.

The K m ax  was then increased to 40 ksiVin, and the frequency to 0.02 Hz. The frequency 

scan downward showed a steady decrease in crack growth rate. The effect o f frequency on 

crack growth rate and crack arrest is shown in Figure 4.5. APMT shows a similar behavior as 

other ferritic steels, tha t is, SCC crack propagation is not sustainable under non cyclic loading 

conditions, even for high applied stress intensity values o f 40 ksiVin.
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Figure 4.5: Crack growth rate vs. frequency for specimen c648 of a 23%  cold worked APMT 
alloy in 288 °C w ater containing 2 ppm dissolved oxygen and 30 ppb sulfate as H2SO4 

showing th a t crack arrest occurs as frequency is decreased.

Table 4.1 also show com pact tension specimen c649 made using non irradiated T91 

ferritic steel w ith 23% cold work. Specimen c649 exhibited excellent resistance to SCC, even 

under aggressive conditions o f elevated dissolved oxygen (2 ppm) -  high corrosion potential, 

and high (30 ppb) sulfate or chloride conditions. A summary o f the tendency for the crack to 

arrest before achieving constant K (no cycling) conditions is shown in Figure 4.6. Figure 4.6 

shows tha t even at high stress intensities o f 40 ksiVin and aggressive R values o f 0.5; as the 

frequency of the loading was decreased below 0.001 Hz, the crack stopped growing. That is the 

SCC crack does not propagate under constant load conditions, even for highly cold worked 

ferritic alloys. This crack growth cessation behavior at low frequencies was reported before for 

other ferritic steels containing chrom ium [32, 33, 34],
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Figure 4.6: Crack growth rate vs. frequency specimen c649 of 23%  cold worked T91 ferritic  
steel in 288°C w ater containing 2 ppm dissolved oxygen and 30 ppb sulfate as H2SO4 

showing th a t crack arrest occurs as frequency is decreased.

All o f the ferritic alloys being evaluated for SCC response in this program have excellent 

resistance to stress corrosion cracking, even under quite aggressive conditions o f elevated 

oxidants (2 ppm dissolved O2) and 30 ppb sulfate or chloride (well above tha t allowed by the 

BWR water chemistry guidelines). All crack propagation reported here under cyclic loading 

condition can be considered fatigue cracking. Only under constant load conditions (R=l) the 

crack propagation may be recognized as environmentally assisted cracking or stress corrosion 

cracking (SCC). Current results show tha t ferritic steels containing chrom ium and aluminum are 

extremely resistant to cracking in high temperature water.
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BEHAVIOR OF CANDIDATE MATERIALS BEYOND DESIGN CONDITIONS

5. Advanced Steels Resistant to Oxidation in Super-Heated Steam

In Phase 1A an extensive testing campaign was conducted to address the behavior of 

several materials in superheated steam, a condition tha t may simulate an accident scenario 

w ith the loss o f coolant in a reactor. Testing was conducted using commercial materials and 

also alloys fabricated especially for the testing. Tests were performed at GE Global Research 

facility and also at Los Alamos National Laboratory and at Oak Ridge National Laboratory.

Tests Conducted at GE Global Research

Table 5.1 shows the test conditions for the steam tests at GE. It was also planned to 

perform the steam tests at 400°C and 600°C but this was later abandoned since even T91 does 

not have a high (measurable) oxidation rate in steam at the 400-600°C temperature range. 

Initially all the tests were performed in 100% steam at a flow  rate o f 2.5 g/min, and eventually, 

tests may be conducted in mixtures o f steam plus hydrogen gas, and steam plus air. 

Experimental alloys, currently under fabrication, will also be tested for resistance to oxidation in 

steam and compared to the results from the baseline alloys in Table 5.1. The specimens were 

fla t rectangular measuring approximately 25 x 8 x 2.3 mm with a tota l exposed area o f 5-5.3 

cm 2. The surfaces were ground on w et SIC paper up to 320 grid finish. All specimens were 

washed with solvents and dried. The weight (mass) o f the specimens was measured w ith direct 

reading m icrobalance at room temperature before and after each test (3 readings), and the 

mass change due to exposure to steam was calculated.

Table 5.1 -  Current Steam Test Conditions a t GE GRC

Initial Test
Tem peratures
(°C)

Baseline M aterials to be 
Tested

Testing Times 
(h)

Testing
System

800, 1000 Zirc-2, T91, NFA, APMT, Alloy 33 8, 24, 48, 168 84SK8
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Figure 5.1 shows the superheated steam system (SSS). Some of main components 

include a vertical alumina retort where the five specimens were exposed to steam hanging 

vertically from a tree. Five thermocouples monitored continuously the temperature next to 

each specimen. The retort was connected to a steam generator where water was pumped at a 

rate o f 2.5 g/min. The ultra-high purity (UHP or 18 MQ) w ater was deaerated w ith argon before 

it was injected into the steam generator using a metering pump w ith a reciprocating piston 

design. The steam was forced to flow  through four alumina diffusers (Figure 5.2) to allow for the 

preheating and homogenization o f the steam. The temperature o f the retort was controlled by 

a three-zone furnace. The steam exited the retort through another set of alumina diffusers to 

avoid back convection o f steam onto the specimens. The steam was condensed at the exit of 

the system and the volume of water collected was comparable to the am ount o f water injected 

into the steam generator.

Front

Figure 5.1: Superheated Steam System (SSS)
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Figure 5.2: Set of Four Alumina Diffusers to Allow for Steam Homogenization in the Retort

Once the coupons were inserted in the retort and the system is sealed, the entire system 

was purged using a constant flow  of pure argon (30 cm 3/min) for 1-2 hours and the gas flow 

was maintained while heating the chamber (from room temperature to the testing 

temperature). When the testing temperature was reached, the argon gas flow  was stopped and 

the argon deaerated water injection to the steam generator was started. The top and bottom 

stainless steel caps o f the retort were maintained approxim ately 150-180°C to avoid steam 

condensation. At the end o f the test, the steam injection was stopped and the testing chamber 

was cooled down using a flow  of dry argon (30 cm 3/min).

Figure 5.3 shows the appearance o f the coupons before and after 8 hours exposure in 

steam at 800°C with a 2.5 g/m in flow  rate. After the test, the Zircaloy-2 specimen was slightly 

bent, perhaps due to the growth o f oxides on the surface. The Zircaloy-2 oxide layer presented 

a white snake-like skin appearance and signs o f spallation. Alloy T91, did not show any sign of 

deformation but small oxide spallation was evident. The nano ferritic alloy (NFA) exhibited a 

uniform black oxide scale whereas APMT and Alloy 33 showed minimal pink and light green 

discoloration, respectively.
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Figure 5.3: Specimens before (top) and after (bottom) exposure to 100%  steam a t 800°C for
8 h

Figure 5.4 shows the mass change per surface area as a function o f testing time for the 

five alloys in Table 5.1. The Zircaloy-2 coupon was consumed at the 48 h testing time; therefore 

there is no data in the plot. Figure 5.4 shows tha t there were two evident groups o f alloys 

regarding resistance to degradation in steam. Zircaloy-2 and T91 are in Group 1, w ith a higher 

oxidation rate, and Group 2 included NFA, APMT and Alloy 33 w ith an oxidation rate tha t was 

approximately two orders o f magnitude lower than for Group 1. Overall, the highest oxidation 

rate was for Zircaloy-2 and the lowest for APMT.

Figure 5.5 shows a plot for the weight change as a function o f testing time for the three 

alloys in Group 2 and the respective fitting according to a power law. The oxidation o f the iron 

containing alloys seems to follow a parabolic law with an exponent coefficient close to 0.5. The 

coefficient was higher for the zirconium alloy, suggesting tha t oxidation was not controlled by 

diffusion through a protective oxide film on the surface.
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Figure 5.6 shows the appearance o f the Zircaloy-2 and APMT coupons in a scanning 

electron microscope after the exposure to 100% steam at 800°C for 24 h. The m agnification for 

Zircaloy-2 is approximately 10 times lower than tha t for APMT. Figure 5.6 shows the evident 

difference in oxidation behavior between these two materials. APMT had the lowest oxidation 

susceptibility in steam since marks from sample preparation are clearly discernible. On the 

other hand Zirc-2 was completely covered by a cracked oxide film.

1 0  k U X  I ,  0 0 0 1 0 H m

Zirc-2, X30 (Specimen A12) Zirc-2, X100 (Specimen A12)

APMT, X500 (Specimen G9) APMT, X1000 (Specimen G9)

Figure 5.6: Appearance of coupons after testing in 100%  steam a t 800°C for 24 h
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Figure 5.7 shows the appearance o f coupons after testing for 24 h in 100% steam at 

1000°C. Alloy APMT showed nil oxidation while Zircaloy-2 was completely oxidized (the coupons 

were o f identical size before the steam oxidation tests started).

100% Steam, 1000°C
24 h Test

Zirc-2 APMT Alloy 33
A21 G18 J18

Figure 5.7: Appearance of coupons after testing in 100%  steam a t 1000°C for 24 h

Tests Conducted at Los Alamos National Laboratory

The steam tests at LANL were performed by thermal gravimetric analysis (TGA). The 

balance o f the Netzsch 449 FI STA used for this experiment reads to 10 ng, but in water vapor- 

containing atmospheres the practical dynamic accuracy is only 0.1 mg. Figure 5.8 shows the 

mass gain as a function o f testing time for four o f the most oxidation resistant materials when 

exposed for 3 hours in 100% steam at 1200°C. The lowest oxidation rates corresponded to 

MA956 and APMT, both o f which contain chromium and aluminum for protection against 

steam. A super ferritic alloy such as EBrite (25-27% Cr) also offers good resistance to oxidation 

in steam. In the absence of aluminum in the alloy, the chromium level has to be higher than 

25% to offer a suitable protection against attack by superheated steam.
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Figure 5.8: Mass change as a function of exposure tim e for a three hour test in 100%  steam  
a t 1200°C. Both APMT and MA956 had some of the lowest mass gain. Tests performed a t

LANL

Tests Conducted at Oak Ridge National Laboratory

Figure 5.9 shows the oxidation results for steam tests conducted at ORNL in their Severe 

Test Station. The tests were performed in 100% steam for 4 h at different temperatures. For the 

NFA material (Table 2.1, the weight gain started to increase as the temperature increased, 

probably because this alloy contains only 14% Cr and does not contain aluminum. The alloys 

APMT and MA956 which contain Cr and aluminum offered some of the lowest weight gains up 

to temperatures o f 1400°C. Ebrite (25-27% Cr and no aluminum) also had acceptable resistance 

to oxidation but this resistance seemed to fa lter at 1400°C. The melting point o f most o f the 

advanced steels is in the vicinity o f 1400°C.
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6. Resistance of FeCrAI Steels to Proton Irradiation Dam age

The University o f Michigan was provided w ith samples o f T91, APMT and Alloy 33 

materials (Table 2.1) to study the effect o f proton irradiation on the material behavior including 

straining in high temperature water simulating reactor operation conditions.

As a part o f an ongoing investigation to evaluate suitability o f various alloys for fuel- 

cladding materials for light water reactors, the corrosion behavior o f three different alloys (T91, 

APMT, and Alloy 33) was investigated in a simulated BWR environment. The oxidation behavior 

was investigated using exposure coupons, and stress corrosion cracking (SCC) behavior (in un

irradiated and irradiated condition) was investigated using constant extension rate tests (CERT), 

both in a simulated BWR-NWC environment at 288 °C. The three alloys T91, APMT, and Alloy 33 

were irradiated using 2 MeV protons at 360 °C up to the level o f 5 dpa. Tensile specimens and 

TEM bars were irradiated for each alloy. Micro-hardness measurements were carried out on 

TEM bars in irradiated and un-irradiated zones to evaluate the extent o f irradiation hardening. A 

specimen of Alloy 33 in irradiated condition (5 dpa) was strained up to ~ 6% tota l strain earlier 

in BWR-NWC environment using CERT w ith the strain rate o f 3xl0~7 sW Shallow cracks were 

found in the irradiated zone on the surface o f this specimen. However no cracks were found 

for APMT under the same level of irradiation and applying a plastic deformation o f up to 12%.

Micro-hardness measurements o f irradiated specimens

The hardness o f TEM bars was measured in irradiated and un-irradiated zones. It may 

be noted tha t the depth o f the irradiated zone for the 2 MeV protons in steel was confined to 

35-40 pm. To ensure that the measured hardness correctly represented the irradiated zone, a 

low load value o f 25 g f was used. A tota l of 20 readings each were taken in irradiated and un- 

irradiated zones. Figure 6.1 shows the comparison o f the hardness for the irradiated and un- 

irradiated zones for three alloys T91, APMT, and Alloy 33 provided by the University of Michigan.
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Figure 6.1. Comparison of hardness of irradiated and un-irradiated zone for T91, 
APMT, and Alloy 33. The percentage increase in the hardness is also marked for each alloy.

The average hardness values forT91, APMT, and Alloy 33 in the un-irradiated zone were 

287, 361, and 287 HV, respectively. And, the average hardness values forT91, APMT, and Alloy 

33 in the irradiated zone were 404, 572, and 567 HV, respectively. The percentage increase in 

the hardness was highest for the Alloy 33 at 97% followed by APMT (58%), and by T91 (41%). 

This indicates tha t the extent o f hardening due to irradiation was higher for Alloy 33 as 

compared to other two alloys, possibly because of the austenitic structure o f Alloy 33.

SCC of irradiated Alloy 33 in BWR-NWC environment (University o f Michigan)

A specimen of Alloy 33 (in as-received conditions, irradiated to 5 dpa) was strained up to 

approximately 6% at a strain rate o f 3 x l0 '7 S"1 at 288 °C under BWR-NWC conditions. The 

surface o f tensile specimen was examined after the CERT test for presence o f cracks. Shallow 

cracking was noticed in the irradiated zone and the morphology o f the cracks indicated that 

they were intergranular in nature (Figure 6.3).
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Figure 6.2: SEN m icrograph showing general surface appearance of irradiated Alloy 33 
tensile specimen after the removal o f oxide-film . The lower region in the figure is the un-

irradiated zone.

The oxide film formed on the Alloy 33 specimen during the exposure to BWR-NWC 

environment was removed using an oxide-stripping solution. Figure 6.2 shows the general 

appearance o f the surface after the removal o f the oxide-film, showing clear demarcation 

between irradiated (lighter in color) and un-irradiated zones (darker in color). Figure 6.3 shows 

an SEM micrograph of the irradiated zone showing numerous dislocation channels (linear 

features w ithin grains). It may be noted tha t the appearance o f such dislocation channels also 

reported earlier for other austenitic alloys e.g. SS 304. Figure 6.3 shows intergranular cracking 

in the irradiated zone as well as dislocation channels w ithin grains. Higher magnifications view 

of the irradiated zone in Figure 6.3 (right), shows intergranular cracks and dislocation channels. 

No such dislocation channels or intergranular cracks were noticed in the un-irradiated zone of 

the same Alloy 33 specimen. Preliminary studies in APMT showed tha t it was free of 

intergranular cracks in the irradiated zone.
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Figure 6.3. SEN m icrograph of the irradiated zone Alloy 33 tensile specimens; shows 
numerous dislocations channels within grains and a few intergranular shallow cracks. The

loading direction is vertical.

Dislocation 
1 channels

Intergranular
cracks
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Task 2: Perform Fabrication Evaluations

Based on the current understanding o f the performance of engineering alloys in high 

temperature water and in superheated steam, it is likely tha t the new cladding material may 

have chemistry similar to APMT, MA956 or another nano ferritic alloy under development at GE 

and ORNL. The candidate alloy has to be able to be fabricated into long tubes o f approximately

0.5-inch diameter OD and wall thickness o f less than 1 mm. The candidate alloy also has to be 

weldable to be able to seal the end caps o f the tubes containing the fuel.

Currently two companies have been approached for tubing fabrication, Superior Tube 

Company in the US and Sandvik com pany in Sweden. Sandvik through Kanthal are the owners 

o f APMT and their input will be im portant in the tube fabrication feasibility. Tube fabrication 

feasibility will play a bigger role in Phase IB  o f this program.

Feedback from rodlet fabrication at INL has shown tha t Fe-Cr-AI alloys can be made in 

thin walled tubes and hermetically welded using TIG methods.
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Task 3—Evaluate Fuel Assemblies and Im plem ent Business Plan

It is im portant to start addressing the regulatory and commercial implications for 

shifting the cladding material from  zirconium alloys to ferritic materials early in the process. 

Early analysis will determine if there are major issues tha t m ight preclude introduction o f the 

new cladding material. The requirements tha t need to be met in order to satisfy regulatory 

requirements for applying ferritic/m artensitic steel as cladding material are generally identified 

and a top level plan and schedule to meet the requirements are provided. Additional future 

work will include detailed evaluation o f the im pact on fuel requirements and fuel cost o f the 

ferritic/m artensitic cladding material, along w ith an assessment to determine if contem porary 

cycle energies and refueling intervals can be maintained. The properties o f ferritic/m artensitic 

steel cladding will be reviewed to determine if additional testing is needed to address licensing 

requirements. Programmatic elements needed to bring an alternative metallic alloy to 

commercial deployment will be identified. The lead fuel assembly (LEA) plan described in this 

report includes inserting a limited number o f fuel rods, or segments o f rods, with 

ferritic/m artensitic cladding into a commercial power reactor to demonstrate performance and 

for verifications o f performance against model predictions. In addition to the Regulatory 

Approval Path outlined here, a detailed fram ework w ithin which ferritic/m artensitic steel 

cladding could be licensed will be developed, including more detailed time and effort required 

to submit reports to the regulator. In summary, the high level actions required to fully evaluate 

the new cladding material, load a LEA into a commercial power reactor, license 

ferritic/m artensitic cladding material and commercialize this new material are provided in this 

report. Detailed action plans can be provided in Phase IB  stage o f this program.

Task 3.1 -  Plan Regulatory Approval Path

The regulatory requirements, embodied in regulatory guidance (NUREG-0800, Standard 

Review Plan) structured to facilitate compliance w ith the General Design Criteria o f the Title 10 

Code of Federal Regulations Part 50, tha t must be met to allow operation o f fuel assemblies 

utilizing ferritic/m artensitic steel as cladding material are essentially the same as the 

requirements currently applicable to standard Zircaloy clad fuel. However, given the long 

history of the use o f Zircaloy as the cladding material used in Boiling W ater Reactors, additional
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effort will be required to review applicable methodology to assure tha t all implicit assumptions 

related to Zircaloy are found and changed as required to accommodate ferritic/m artensitic 

steel. The work described below could be implemented assuming the new cladding material is 

judged to be commercially viable and the nuclear fuel market is receptive to the new material. 

The major tasks tha t are required for regulatory approval include:

1- 10CFR50.46, "Acceptance Criteria for Emergency Core Cooling Systems for Light Water 

Nuclear Power Reactors", currently applies only to zirconium based alloys w ith specified 

bounds in elemental composition. The current version is applicable to Zircaloy and Zirlo. 

10CFR50.46 is currently being revised, w ith issuance expected in the next two to three 

years. The new rule is intended to be performance based and therefore not limited to 

Zircaloy or Zirlo. Plowever, the current draft rule only addresses other Zr-based alloys 

and other types of cladding materials are not specifically addressed. For a new, non

zirconium based cladding material, e.g., ferritic/m artensitic steel, there are two tasks 

required:

a. Determine the correct parameters and numerical criteria

b. Engage the NRC to determine how 10CFR50.46 requirements can be m et or if an 

exemption to 10CFR50.46 can be granted.

Additional details for this task are provided below.

2- Codes and methods currently in use for fuel design and licensing, and tha t utilize the 

properties o f the cladding material directly or indirectly, must be reviewed to determine 

if the change to ferritic/m artensitic steel will require modification, and if so, modify as 

required. In some cases, the modified codes may require NRC review.

3- Definition of Design Parameters and Limits applicable to ferritic/m artensitic steel 

cladding. Additional details for this task are provided below.

4- Severe Accident Analysis

5- Licensing Topical Reports addressing the use o f ferritic/m artensitic clad material, 

including:

a. Fuel Assembly Mechanical Design Report

b. Fuel Assembly Thermal-Mechanical Design Report

c. Pressure Drop Characteristics Report (surface characteristics of 

ferritic/m artensitic cladding may differ from current Zircaloy cladding)

DE-NE0000568, Final Report Phase 1A FY2013-2014 - ATE FOA General Electric 49



d. Nuclear Design Report (Illustrate the transition characteristics and equilibrium

e. Critical Power Correlation

f. Rewetting characteristics for Anticipated Transient W ithout Scram (ATWS) event 

analyses (Tmin)

6- Standard Licensing Analysis in accordance with NEDE-24011-P-A, General Electric 

Standard Application for Reactor Fuel, (GESTAR II). It will be necessary to revise GESTAR II 

to include the use o f ferritic/m artensitic steel cladding.

7- Lead Fuel Assembly (LEA) and Lead Use Assembly (LUA) programs:

a. LEA Program - assess the in-reactor performance of the ferritic/m artensitic 

cladding material under operating and w ater chemistry conditions. The LEA 

program would entail testing o f one or more fuel rods or fuel rod segments 

fabricated from  the ferritic/m artensitic cladding material to end of life exposures. 

Poolside inspections after each cycle o f operation and post irradiation 

examination (PIE) after discharge would be included in the program.

b. LUA Program - the LUA irradiation will demonstrate the performance of the 

reference product design. The LUA and its irradiation must fully represent the 

vendor's supply chain and production process and the irradiation must be typical 

o f in-service conditions.

10CFR50.46 Modification

It is anticipated tha t a Licensing Topical Report addressing the introduction of 

ferritic/m artensitic steel cladding will be generated to support the 10CFR50.59 rule making 

change and the general review by the NRC. These details are included to show the extent of 

the work required for this single report. The LTR will include the following elements:

1. Introduction

2. Ferritic/Martensitic Material (F/M) Characteristics & Experience

2.1 Material Characteristics

2.2 Testing & Operating Experience

2.3 Benefit o f F/M Material: Hydrogen Absorption

2.4 Benefit o f F/M Material: Corrosion

3. Methods and Licensing Assessment
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3.1 Fuel Design Licensing

3.2 Nuclear & Thermal/Hydraulic Methods

3.3 Thermal/Mechanical Methods

3.3.1 Fuel Rod Internal Pressure

3.3.2 Fuel Melting

3.3.3 Cladding Strain

3.3.4 Cladding Stress/Strain

3.3.5 Cladding Fatigue

3.3.6 Cladding Creep Collapse

3.3.7 Postulated Loss-of-Coolant Accident

3.3.8 Reactivity Insertion Accident

4. Mechanical Design Assessment

5. Summary

6. List o f F/M Properties

In addition, the key criteria for loss o f coolant accident (LOCA) performance must be 

defined. The task will need to identify possible cladding failure or em brittlem ent mechanisms 

tha t would challenge the fundam ental requirement o f coolable geometry under design bases 

accident scenarios. It is anticipated testing under a wide range of conditions will be required in 

order to establish how the new cladding behaves w ith respect to deformation, up to burst, 

during transient heat-up. The response of the cladding, after the initial transient, to any 

imposed stress or strain loading will also need to be assessed.

The 10CFR50.46 task requires extensive material properties, test results, analyses and 

reports to support a subm ittal to the regulator. Following submittal, significant additional 

support will be required to address regulator request for additional information (RAIs). As shown 

in the schedule below, the time period and level o f effort required for this task is significant.

Fuel Design Param eters and Limits

Operating limits are to be established to ensure tha t actual fuel operation is maintained 

w ithin the fuel rod therm al-m echanica l design and safety analysis bases. These operating
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limits define the maximum allowable fuel pellet operating power level as a function o f fuel 

pellet exposure.

Work required to define the Design Parameters and Limits applicable to 

ferritic/m artensitic steel cladding will include the following elements:

- Stress/Strain - The fuel assembly components are evaluated to ensure tha t the fuel will 

not fail due to stresses or strains exceeding the fuel assembly com ponent mechanical 

capability.

- Cladding lift-o ff -  The thermal-m echanical integrity o f cladding is assured by ensuring 

tha t the cladding expansion rate does not exceed the pellet swelling rate.

- Fatigue - The fuel assembly and the fuel rod cladding are evaluated to ensure that 

strains due to cyclic loadings will not exceed the fatigue capability.

- Fretting Wear - The fuel assembly is evaluated to ensure tha t fuel will not fail due to 

fretting

- Oxidation and Corrosion Products evaluation

- Hydriding - The fuel rod is evaluated to ensure tha t failure will not occur due to internal 

cladding hydriding.

- Dimensional Changes - The fuel rod is evaluated to ensure that fuel rod bowing does not 

result in fuel failure due to boiling transition.

- Internal Gas Pressure - The fuel rod is evaluated to ensure tha t the effects o f fuel rod 

internal pressure during normal steady-state operation will not result in fuel failure due 

to excessive cladding pressure loading.

- Cladding Collapse - The fuel rod is evaluated to ensure tha t fuel rod failure due to 

cladding collapse into a fuel column axial gap will not occur

- Pellet-Clodding Interaction - The fuel rods are evaluated to ensure tha t fuel rod failure 

due to pellet-clad mechanical interaction will not occur

Schedule

A schedule for the major tasks required to obtain regulatory approval is shown in Figure 

3.1.1. It should be noted tha t this schedule is an estimate and may be impacted by other 

factors such as work load at NRC, materials properties and test results availability, etc. The 

start date for the work is dependent on availability and receipt o f all necessary
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ferritic/m artensitic material properties and test results. This schedule provides the approximate 

periods of e ffort for each major task. Delays or schedule improvement on any task will shift the 

downstream tasks a like period o f time.

Regulatory Approval Path
YEAR/QTR 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

TASK IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4C
Material Data Aval 1 able A

Code/Method Review

Design Parameters/Limits

Topical Reports
NRC Review/Approval

LTA Program

-Load in Reactor A
-Irradiation/I nspt/PIE

10CFR50.45 Rulemaking
-Prepare Submittal
-Submit to  NRC
-NRC Review and RAIs
-Rulemaking

LUA Program

Application o f GESTAR T i i n i
Figure 3.1.1: Regulatory Approval Path Schedule

Task 3.2—Therm al-M echanical Evaluation

A prim ary consideration in the design and operation o f nuclear power plants is the 

lim itation of radioactive species release from the power plant site. Radioactive species are 

generated within the fuel rod uranium (and uranium-gadolinium) dioxide pellets as a normal 

product of the nuclear fission process. Therefore, the fuel rod cladding surrounding the 

uranium dioxide fuel pellets represents an im portant barrier to the release of radioactive fission 

products to the reactor coolant. Although the nuclear power plant system is designed to 

accommodate a level o f activity release tha t may result from  defective fuel rods, while 

conform ing to authorized site activity release limits, the thermal-m echanical fuel rod design 

objective is to preclude systematic defects arising under the conditions o f authorized operation 

including normal steady-state operation and Anticipated Operational Occurrences (AOOs).

This thermal-m echanical design objective is achieved by development o f fuel rod 

performance models to predict fuel rod performance under the conditions o f authorized 

operation and to evaluate the predicted performance relative to a defined set o f mechanistic 

limits on fuel rod performance. Therefore, an understanding o f fuel rod (fuel pellet and cladding)
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material properties and behavioral phenomena are required. This understanding is gained via 

testing and demonstrations tha t specifically addresses the range of operational duty tha t 

results from the BWR environment. Material properties required include properties such as 

thermal expansion coefficients, creep and fatigue properties, irradiation growth and corrosion 

properties, elastic modulus, Poisson's ratio, yield stress, etc. Existing mechanistic design 

criteria, such as clad failure strain during AOO, etc., should be defined and demonstrated to be 

valid. Many o f these aspects will be addressed through modeling and simulation in Phase IB 

where GNF will be working closely w ith Brookhaven National Laboratory.

Task 3.3 -  Fuel Cycle Evaluation

Preliminary fuel cycle evaluations were performed to compare the economic 

performance of fuel utilizing ferritic/m artensitic cladding to fuel using standard Zircaloy 

cladding material currently in use. All mechanical fuel design parameters were the same for 

both the ferritic/m artensitic clad and Zircaloy clad fuel, except the ferritic/m artensitic clad 

thickness was reduced in one o f the cases. Commensurate w ith the thinner cladding was an 

increased fuel pellet diameter, preserving the diametral pellet-clodding gap. These studies 

indicated an increase in front-end fuel cost o f approximately 20% for comparable fuel cycle 

energy requirements. The front-end fuel cost is comprised of the cost o f natural uranium feed, 

conversion, separative work (i.e., enrichment), and fabrication. Nominal unit costs were used 

and it should be pointed out tha t the percent change in front-end fuel cost is not very sensitive 

to unit costs (sometimes referred to as the "cost file"). While these studies did not a ttem pt to 

characterize the uncertainty in this estimate, it is clear tha t significant uncertainty exists. If an 

uncertainty equal to two (2) product lines evolutions is assumed, which is considered 

reasonable, the economic consequence of ferritic/m artensitic cladding can be described as a 

15%- 25% increase in front-end fuel cost. Future, more detailed evaluations will take into 

account all of the factors related to ferritic/m artensitic cladding.

Assuming that corrosion and intergranular or irradiation-assisted stress corrosion 

cracking characteristics o f the ferritic/m artensitic alloys in BWR coolant is acceptable, the 

relative improvement in high-temperature strength and creep resistance over Zr alloys should 

enable somewhat higher Linear Heat Generation Rates (LHGRs). Higher LHGRs allow for both 

higher nodal powers and more flexibility in fissile material distribution w ithin the fuel

DE-NE0000568, Final Report Phase 1A FY2013-2014 - ATE FOA General Electric 54



assemblies, thereby enhancing neutron economy and efficiency. Furthermore, the high- 

temperature strength and oxidation resistance may allow operation of a bundle into boiling 

transition, thereby relaxing a lim itation on current BWR bundle design. Fuel reliability would 

likely be improved for those reasons, plus from  greater resistance to debris-fretting wear due to 

the relative hardness o f steels over Zr alloys. Those same properties could also allow fuel 

exposure to burn-up values and residence times greater than currently allowed with Zircaloy- 

clad fuel. Flowever, as mentioned above, the relatively higher neutron absorption in a steel 

cladding would require some design compensation, probably increased U 2 3 5  enrichment, w ith 

attendant increased costs for higher fee and SWUs (Separative Work Units).

Fabrication costs o f ferritic/m artensitic cladding tubes are expected to be lower than for 

Zirconium alloy cladding tubes. Ferritic/martensitic steels are more prevalent than Zirconium 

alloys and have not exhibited the recent cost increases observed w ith Zirconium alloys. Any 

m anufacturability and sourcing cost advantage will depend on the availability o f the specific 

ferritic/m artensitic alloy chosen and on the degree to which suppliers are currently prepared to 

meet nuclear quality requirements and tolerances required to meet the cladding design 

constraints.

Finally, the improved creep strength, hydrogen pick-up resistance, and corrosion 

resistance o f ferritic/m artensitic alloys should give ferritic/m artensitic cladding tubes a 

performance advantage in used fuel storage over Zirconium alloy cladding tubes.

A detailed assessment o f all the economic benefits or disadvantages associated w ith 

ferritic/m artensitic alloy cladding, which can be determined relative to Zr-based cladding, will 

be performed utilizing appropriate ferritic/m artensitic material properties. This will include fuel 

cycle economic assessment as well as any financial benefits for reactor operation associated 

w ith safety benefits of this cladding material. It is anticipated tha t optim ization o f the 

ferritic/m artensitic cladding wall thickness and inclusion o f the benefits in reactor operation will 

minimize the fuel cycle cost differential between ferritic/m artensitic alloys and Zr-based 

cladding.

Task 3.4 -  Establish Commercialization Plan

The strategic path forward for deployment o f advanced fuel design concepts requires 

participation from multiple contributors, primarily the DOE, the fuel vendor, and participating
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utilities. Several general activities are envisioned, any one phase requiring work scope specific 

to a technology's deployment issues and technical maturity. These phased activities are 

summarized as follows:

• Feasibility Assessment & Materials Selection

• Product Conceptual Design

• Technology and Licensing Assessment

• Materials Properties and Performance Determination

• Product Definition

• Methods Adaptation or Development

• Product Validation and Demonstration

• Product Licensing

The steps toward commercialization o f advanced materials are described in the 

following sections.

Roles of the DOE, Vendor, and Utility Participants

The conceptual role o f each participant in the assessment, development, and 

deployment o f a fuel technology in light water reactors (LWR) is schematically illustrated in 

Figure 3.4.1. This envisioned interaction underlies the subsequent description o f suggested 

activities. Figure 3.4.1 is not intended to convey specifics o f relative duration or work content, 

but rather a general representation o f the work scope and the interactions necessary between 

the participants.

DOE

Fuel/R eacto r Supplier

Product Validation /  Fuel Cycle Assessment Z 
Systems Analysis /  Methods Integration

Technology /  
Licensing Assessment

Plant/Systems
Modifications

Utility

Figure 3.4.1: Proposed conceptual roles and responsibilities of participants in deploying
advanced LWR fuel technologies
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As indicated by vertical arrows between tasks in Figure 3.4.1, collaborative interaction 

between participants is envisioned. For instance, after potential material variants have been 

identified and evaluated against ranked criteria, material down-selection should include the 

vendor's assessment o f the technology as incorporated into a product, which would also 

incorporate the utility's assessment o f the technology's im pact on plant operations. Similarly, 

integrated requirements such as testing to determine response of a fuel design to accident 

conditions will be established to satisfy regulatory and licensing criteria for plants, or to 

demonstrate key deployment features.

DOE Role

The proposed role o f the DOE in developing an advanced technology is to provide 

realistic feasibility assessments o f the technology leading to material selection and data 

generation. Material characterization must provide sufficient detail and sufficient breadth to 

address design utilization by the fuel vendor as well as address licensing compliance (or in 

some cases development o f licensing criterion). Application and integration o f the advanced 

technology from conceptual design to reload production is performed by the fuel vendor. The 

utility demonstrates the performance of the fuel bundle design and validates the commercial 

value o f the technology for safe and economic power generation.

In the schematic shown in Figure 3.4.1, the DOE would be primarily responsible for 

developing technology to the point where commercialization could begin w ith the risk o f the 

technological product itself having been reduced to allow the large investment by industry in 

the commercialization effort. The proposed DOE role would include characterization and testing 

sufficient to provide design bases for vendor product designs, to benchmark vendor methods, 

and to support licensing documentation. The DOE work scope would provide material 

properties and fundam ental understanding o f the material performance, but it may also 

contribute to the empirical experience base through integrated testing.

Im portance of Testing and Dem onstration a t Relevant Conditions

The burden of demonstrating NRC regulatory compliance for fuel operations and plant 

operations is carried by the fuel vendor and the utility, respectively (although the utility is the 

only licensee). Licensing approval for an advanced technology w ith the NRC requires data
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commensurate w ith the degree o f understanding of the technology. Technologies for which 

the phenomena underlying performance characteristics are not well understood 

mechanistically typically require more empirical data to secure licensing approval, while the 

licensing case for technologies w ith better understood performance phenomena and 

mechanisms can often be made with smaller quantities o f appropriate data and experience. It 

is anticipated tha t some of the materials under consideration will require extensive in-reactor 

data to demonstrate compliance w ith regulatory criteria, or even to reduce performance 

uncertainties to the point tha t technical and business risk can be assessed.

New cladding material is assumed to operate in an environment typical o f current BWRs 

and planned new plants; e.g., ABWR and ESBWR. This assumption is based on the desire to use 

the advanced cladding as soon as it can be developed and does not preclude its use in future 

water-cooled reactors tha t m ight operate at higher pressures and temperatures. For current 

BWRs, however, power densities and coolant conditions are assumed to be fixed by the plant 

configuration. Increases in heat flux may be possible based on the high temperature 

capabilities o f new cladding and fuel materials and operation closer to therm al-hydraulic dry- 

out conditions. Note tha t surface temperatures are assumed to remain in the same range as 

current Zircaloy cladding, since this is driven by the phase change cooling at the cladding- 

coolant interface.

Advanced cladding is assumed to be limited by the same constraints on coolant flow  as 

zirconium-alloy cladding. That is, the prim ary coolant systems of existing and planned BWRs 

cannot be modified to compensate for increased flow  resistance due to new cladding material 

or fuel material (e.g., larger outer diameters, rougher surface, increased crud deposition.)

W ater chemistry is assumed to remain essentially the same as in current BWRs. The 

coolant in contact w ith operating fuel rods is assumed to be highly oxidizing due to the 

form ation o f peroxide and other short-lived radicals and could contain noble metals tha t are 

added to the coolant to protect the primary system from  stress corrosion cracking; e.g., Pt, Rh, 

etc.

Fuel fabricated w ith advanced cladding is assumed to operate w ith periodic intervals of 

high and low power, w ith power changes produced by a combination o f variations in feed 

water temperature, coolant flow rate, and control rod positions. Fuel is also assumed to move 

between low and high-power core positions during refueling outages at the end o f operating
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cycles tha t range from  12 -  24 months. This means that a given axial location along the length 

o f a fuel rod can operate for extended intervals (weeks to months) at low power and then be 

ramped to high power. The rate of power change in such ramps can be very slow in plants with 

large flow -control capability and a willingness to expend the time (and lost generating capacity) 

needed to reach operating power or very rapid with control blade movements while at power;

i.e., the rate o f power increase due to control blade movement is fixed by the thermal time 

constant o f the fuel, w ith power increases over a few seconds.

Description of General Process

Several stages o f technology development are applicable to the introduction o f new 

cladding material. GEH/GNF's view of these stages follows:

Stage 1 - Property Characterization and Behavior Assessment:

This first stage includes several tasks, beginning w ith feasibility assessment, definition of 

targeted material compositions, and configurations. Specific technology characteristics 

addressed include elemental compositions, material combinations, technology configurations, 

and the targeted ranges o f interest. In addition, the quality objectives and requirements to be 

used throughout all stages o f the program will be established and agreed upon. This first-task 

work scope will be collaboratively developed between the DOE, the vendor, and any partner 

utilities. The second task includes fabrication o f test materials to be used for characterization 

and testing for properties o f interest, w ith and w ithout irradiation. This task would be primarily 

performed by DOE-funded teams (presumably from national laboratories and universities) w ith 

vendor support. The third task is the performance of the materials characterization and testing 

regimen, in laboratories and in-reactor. The irradiation tests would be performed in test 

reactors such as the ATR, HEIR, Holden, or an alternate reactor under DOE team oversight. The 

laboratory tests could be performed in university, vendor, or national laboratories. Following 

irradiation, the fourth task will be to conduct a comprehensive set o f post-irradiation 

examinations and testing programs. Following these key tasks, an optional task could be 

implemented as needed for down-selecting the program materials and conducting additional 

testing in a test reactor w ith specified water chemistry conditions and fluence spectra, with 

follow-on examinations. GEH/GNF propose tha t concurrent w ith these other activities, the DOE 

modeling capabilities are applied to developing property relations and fundam ental models of
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key phenomena. The prim ary output from  this stage is a report providing key properties for 

relevant material conditions and results o f testing to document behavior and observed 

performance phenomena. This report would be used for future material refinement, 

interpolation o f properties between measured conditions, and development or adaptation of 

vendor performance models and methods as bases for product design and lead use 

component testing, and for establishing, if necessary, licensing criteria by the NRC.

Concurrent w ith the DOE-based activities described above, the vendor would be 

establishing a conceptual and developmental product designs, preparing codes and methods 

for incorporation o f technology-specific inform ation emerging from the other Stage 1 activities, 

and clarifying the benefit o f the technology through fuel cycle and safety evaluations. The result 

o f the Stage-1 vendor-based activities would be a reference product design and reference 

deployment scheme.

Stage 2- Product Definition and Demonstration, and Codes and Methods 

Development:

Building from Stage 1, the second stage demonstrates the performance of key product 

features through irradiation in a commercial reactor as part o f a Lead Fuel Assembly (LEA). 

Demonstration o f the product under in-service conditions is initiated through irradiation in a 

commercial reactor o f Lead Use Assemblies (LUAs). Distinctive aspects o f the LEA irradiation are 

incorporation of key aspects o f the new technology or fuel design into an irradiation assembly 

tha t m ight otherwise be o f a proven design, thereby minimizing the risk associated w ith the 

irradiation to only those aspects unique to the new technology, and the results o f this 

irradiation may lead to changes in the reference product design. The LEA program is required 

to demonstrate tha t the new material performs as expected and will serve to provide valuable 

information for subsequent work. The purpose o f the LUA irradiation is to demonstrate the 

performance of the reference product design, and therefore, the LUA and its irradiation must 

fully represent the vendor's supply chain and production process and the deployment must be 

typical (or bounding) o f anticipated in-service conditions. Main tasks are to design and 

fabricate lead test components, and to deploy in lead-fuel assemblies, preferably at multiple 

utilities, including surveillance inspection o f the assemblies during plant refueling outages.

These tasks are necessarily vendor-based and utility and regulator approved, though 

participation by DOE team members will likely be welcomed. The third task is the Post-

DE-NE0000568, Final Report Phase 1A FY2013-2014 - ATE FOA General Electric 60



Irradiation Examination (PIE) o f the discharged lead-use assembly components to confirm  the 

character and performance of the materials and integrated design. Utilities will be responsible, 

w ith vendor assist, for satisfying licensing requirements consistent w ith 10CFR 50.59 for testing 

a limited number o f fuel assemblies containing materials tha t are not generically licensed.

Although Stage 2 is performed primarily by the vendor and utilities, all or part o f the PIE 

could be performed in a DOE hot cell. The DOE team members would likely be participants in 

interpretation o f inspection and examination results. Additional testing may be performed in 

Stage 2 focused on the revised or new licensing criteria. This testing may entail LOCA effects 

tests in hot cells or transient testing in a test reactor. The DOE facilities, such as hot cells at 

Idaho, Oak Ridge, and Argonne national laboratories and the TREAT reactor in Idaho have been 

used previously for this type o f testing, and the industry would welcome and encourage DOE 

ownership o f these tasks focused at understanding accident-related phenomena and 

establishing regulatory criteria. Should any regulatory criteria require revision and/or 

development the DOE would take the prim ary role o f obtaining the necessary data w ith the fuel 

vendor and utilities working w ith the NRC to adopt the necessary regulatory language.

Concurrent w ith the activities described above, Stage 2 would also entail the 

incorporation of property relations and performance models into vendor codes and methods, 

as well as into methods used for evaluation by the NRC. The latter part o f this scope is, of 

course, the responsibility o f the NRC but the DOE may expect to provide expertise to assist the 

NRC in accordance w ith established NRC rules and practices. The result o f all the Stage 2 

activities is a reference product design, methods qualified for use w ith the new product, and 

Licensing Topical Reports and other documentation to be used for obtaining regulatory 

approval for deployment o f the new product or technology.

Stage 3 - Regulatory Submittals and Approval:

Stage 3 is primarily a vendor activity to submit to the NRC and regulatory agencies in 

other countries, the documentation needed for regulatory approval to deploy the fuel product 

or technology. After the regulatory body's initial detailed review the regulatory approval 

process typically includes a period during which the applicant (the fuel vendor, in this case) 

responds to request for additional information (RAIs), in the NRC terminology. During this period 

fuel vendors may call upon expertise in the DOE teams to help resolve or clarify technical issues
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General Electric as Fuel Vendor

GE has developed, introduced and commercialized numerous new fuel designs and fuel 

enhancements in past decades tha t have contributed to improved fuel cycle economics and 

fuel reliability. Manufacturing capabilities include reconversion, pellet form ing and sintering, 

fuel rod fabrication, com ponent and tubing fabrication, final fuel assembly, packaging and 

shipping. The manufacturing facility is supported by a laboratory capable o f conducting 

metallography, mechanical and corrosion testing, and chemical analyses. The GE Nuclear 

businesses have substantial experience in working w ith the NRC to have changes or variations 

introduced into the design o f the fuel bundle. This experience in fuel development and licensing 

will position CNF well in obtaining approval for use o f new cladding material. The postulated 

schedule for subm ittal o f a request for approval to the NRC for insertion o f LFA(s) into an 

operating commercial reactor is in the 2019 to 2020 timeframe. This should allow sufficient 

time for the plan to be approved by the NRC. Prior to submittal o f the request to the NRC for 

approval, a domestic utility must be engaged as a partner in the licensing activities and 

insertion o f the LEA in one of the utility's commercial reactors. Given the current economic 

situation for most plants in the US, the m aturity level of the material is not yet sufficient to have 

confidence tha t a utility would be willing to participate in the program. If economic im pact of 

the ferritic/m artensitic steel cladding were more beneficial, the confidence o f utilities m ight be 

increased.

With positive results from  the early stages o f the project investigating the use of 

ferritic/m artensitic cladding, a detailed marketing and sales plan can be developed. This plan 

will include results of the evaluation o f fuel cycle costs and operational benefits tha t will 

demonstrate ferritic/m artensitic cladding is a viable commercial product. In addition, detailed 

planning for all relevant tasks required for design, licensing, material sourcing, facilitation of 

manufacturing and financial aspects, as well as estimated schedules, will be included.

Task 3.5 -  Form ulate a Lead Fuel Assembly Plan

Assuming the near term efforts show use o f ferritic/m artensitic cladding in standard 

GNF fuel bundles (i.e., U02 pellets in fuel tubes fabricated from ferritic/m artensitic material) is 

feasible, an LEA program to test the cladding material in a commercial power reactor would be 

required. One of the first activities w ithin the LEA program plan will be involvement o f a
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commercial utility customer as a partner in the program. In order to enlist a utility, a thorough 

evaluation o f the use o f ferritic/m artensitic material must be performed to show the 

quantitative advantages related to the introduction of ferritic/m artensitic clad fuel. As the LFA 

program will constitute a substantial effort on the part o f the utility, the 'payback' o f the 

program to the utility must be clear and demonstrable at the onset o f discussions w ith the 

utility.

Elements o f the LFA plan will include:

- Evaluations to develop a clear narrative showing the details o f the LFA program and 

future commercialization, including benefits o f use o f fuel utilizing ferritic/m artensitic 

cladding material

- Customer involvement as discussed above.

- Applicable code and methods review - Codes and methods currently in use for fuel 

design and licensing and tha t utilize the properties o f the cladding material directly or 

indirectly must be reviewed to determine if the change to ferritic/m artensitic steel will 

require modification, and if so, modify as required. In some cases, the modified codes 

may require NRC review.

- Nuclear and Mechanical Design - Design o f the fuel to meet requirements o f the utility's 

energy utilization plan.

- Safety Analysis Report -  As ferritic/m artensitic material is not covered by 10CFR50.46, a 

complete safety analysis must be performed and submitted to the NRC in order to both 

support LFA licensing in general and to obtain an exemption from requirements of 

10CFR50.46. This report will cover all aspects o f licensing related to fuel utilizing 

ferritic/m artensitic cladding material. Details o f the Safety Analysis Report are provided 

below.

- Assist utility w ith License Amendment Request to allow exemption from 10CFR50.46 

requirements.

- NRC review and address requests for additional information (RAIs)

- Sourcing Prototypical Material -  Develop source o f ferritic/m artensitic tubing material 

and end-plugs that meet all design requirements. It is unlikely tha t GNF will facilitate to 

manufacture the tubing in house for the LFA program. It is im portant tha t the
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ferritic/m artensitic material and manufacturing process match the commercial material 

and process to be used in production fuel as closely as possible

- Manufacturing Processes and Qualification -  Development o f the processes to be used 

in m anufacture of the LFA, including end plug welding and qualification o f these 

processes.

- Fabrication of LFA

- Insertion into the commercial power reactor

- Plan for post insertion monitoring, irradiated fuel inspections during refueling outages,

and PIE plan

As previously mentioned, the LFA may contain one or more fuel rods clad in 

ferritic/m artensitic material, and perhaps only a short fuel rod segment in one LFA. The extent 

o f the work required to perform the various elements o f the LFA plan will depend, to some 

degree, on the number o f ferritic/m artensitic fuel rods or fuel rod segments loaded into the LFA.

Safety Analysis Report

The elements of the Safety Analysis Report to support introduction o f an LFA utilizing 

ferritic/m artensitic cladding are listed below. This detail is provided to show the extent o f the 

information required to support insertion o f the LFA into a commercial power reactor.

- Ferritic-Martensitic Clad Fuel Product Description - New Design Features

- Nuclear Core Design

- Methods, including Nuclear Methods, Thermal-Plydraulic Methodology, Safety Limit

Methodology, Transient Analysis Methodology, Stability Methodology, Fuel Rod Thermal- 

Mechanical Methodology, and ECCS-SAFER/GESTR

- GEXL+ Correlation

- Licensing Evaluations

- Evaluation of Abnormal Operational Transients including Decrease in Reactor Coolant

Temperature, Increase in Reactor Pressure, Decrease in Reactor Coolant System Flow 

Rate, Reactivity and Power Distribution Anomalies, Increase in Reactor Coolant 

Inventory, and Decrease in Reactor Coolant Inventory and Other Accidents
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- Evaluation of Other Transients including Anticipated Transients W ithout Scram, ASME 

Overpressure Protection, Single Loop Operation Pump Seizure Analysis, Applicability of 

Off-Rated Limits to F-M clad LFAs, and Flexibility and Equipment Out-of-Service (EOOS) 

Options

- Evaluation of Design Basis Accidents including Control Rod Drop Accident, Main Steam 

Line Break Accident, Fuel Handling Accident, and Loss-of-Coolant Accident (LOCA)

- Thermal-Mechanical Evaluation

- Other Evaluations including Stability, Appendix R Safe Shutdown Fire, Station Blackout, 

Reactor Internal Pressure Difference, Reactor Internals Structural Evaluation, 

Recirculation System Evaluation, Seismic and Dynamic Response, Decay Heat 

Assessment, Neutron Fluence Impact, Containment Response, ECCS LOCA, Hydrogen 

Injection, Post-LOCA Hydrogen Control, Environmental Dose Considerations, Fuel 

Storage Criticality Safety, Fresh Fuel Shipping, Fuel Channel Distortion, and Fuel 

Conditioning Guidelines

- Manufacturing Quality Assurance

- Post-Operational Evaluations including Spent Fuel Pool Effects, Post-Irradiation 

Handling, and Post-Irradiation Examination

LFA Introduction Plan Schedule

A schedule for the major tasks required to introduce LFA into a domestic commercial 

power reactor is provided in Figure 3.5.1. It should be noted tha t this schedule is an estimate 

and may be impacted by factors such as availability o f ferritic/m artensitic material information 

and test data, etc., required to initiate the work. Delays or schedule improvement on any task 

will shift the downstream tasks a like period o f time. In addition, the specifics o f the LFA 

program subsequent to insertion o f the LFA into a commercial power reactor are not discussed 

in detail, but will include poolside inspection of the LFA during reactor refueling outages and PIE 

o f the cladding subsequent to discharge o f the LFA.
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LTAIn traduct ion  Plan
^ ^ - ^ ^ Y E A R / Q T R 2015 2016 2017 2018 2019 2020 2021 2022 2023

1Q|2Q 30|4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4Q IQ 2Q 3Q 4C
LTA Prog. Evaluations
Utility Involvement 1
Material Data Available A
Methods Review 1
Nuc & Mech Design
Safety Analysis Rept
Prepare Lie Amend Req
NRC Submittal A
NRC Review & RAIs
Material Sourcing
Manufacturing Qual 1 1
Fabrication & Ship
LTA Insertion A
Inspections & PIE ►

Figure 3.5.1: Lead Fuel Assembly Introduction Plan Schedule
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7. ATR Testing - Rodlet Fabrication (work with INL).

The purpose o f this ATR test is to determine the behavior o f fuel rod material under 

neutron irradiation in conditions tha t could be relevant for a typical commercial fuel bundle. 

One of the main objectives is to determine the com patib ility between the fuel and the proposed 

metallic claddings under neutron irradiation. A second objective would be to determine the 

mechanical and physical behavior o f the metallic cladding after irradiation.

Global Nuclear Fuel (GNF) provided the commercial grade fuel for the rodlets, both of 

enriched uranium and of natural uranium (Figures 7.1 and 7.2). We are planning to test two 

rodlets each of APMT and Alloy 33 alloys (total o f 4 rodlets) (Figure 7.3). The tubes and end caps 

for the rodlets were fabricated by INL through machining of certified plate (Alloy 33) and billet 

stock (APMT) provided by GE (Figure 7.3).

Figure 7.1: GE natural [N] and enriched [E] pellets fabricated a t GNF.
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Figure 7.2: GE enriched pellets fabricated a t GNF.

, 4 6 5  ......««inim»nn*»»11 »*»•»•*

Figure 7.3: Rodlet cladding tubes and endcaps fabricated a t INL for the GE ATF-1 concept
(Alloy-33 and APMT).

The predicted peak inside cladding temperature (PICT) would be 300 to 400°C, <1700°C 

fuel centerline temperature, 300-400 W /cm LHGR, w ith two burn-ups o f 20 and 80 GWd/MT, 

one for each alloy. The Small-I (1-21) position best accommodates the GE design targets (initial 

insertion). At a constant power o f 300 W /cm it will take -1300  days (-6.5 years) of irradiation to 

reach 80 GWd/mTU for UO2 fuel. The expected first insertion time was September 2014, 

however, since the ATR had experienced difficulties, the most likely insertion time will be 

February 2015. The post irradiation examination (PIE) studies will be carried at INL.
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Products Developed

During Phase 1A of the GE Accident Tolerant Fuel Cladding Program numerous and detailed 

reports were written and the presentations and papers named below were developed and 

delivered. Papers and presentations are listed below in ascending chronological order.

Technical Presentations and Manuscripts. It Includes Conference Proceeding Published 
Papers and the publication of the slides used for the presentations.

When Title, presented by W here Presented/Published

February
2013

Presentation GE Experience in LWR 
Coating Research, Raul Rebak, GE 
Global Research

Fuel Cycle Research and Development 
(FCRD) Advanced Fuels Campaign 
Cladding-Coating Operational 
Meeting, Oak Ridge National 
Laboratory, 12-13 February 2013

February
2013

Presentation Advanced Steels for 
Accident Tolerant Fuel Claddings, 
Kevin Ledford, Global Nuclear 
Fuels

Accident Tolerant Fuel (ATF), Electric 
Power Research Institute, New 
Orleans, LA, 27-February-2013

March 2013

Paper Environmentally Assisted 
Cracking Resistant Ferritic Steels 
for Light W ater Reactor 
Applications, Raul Rebak, GE Global 
Research

NACE International, Corrosion/2013 
Conference and Exposition Orlando, 
FL, 17-21 March 2013

March 2013

Presentation Ferritic Martensitic 
Alloys as Accident Tolerant Fuel 
(ATF) Cladding Material for Light 
W ater Reactors, Raul Rebak, GE 
Global Research

FCRD Advanced Fuel Campaign, 
Integration Meeting, North Las Vegas, 
NV, 26-28 March 2013

July 2013

Paper Resistance o f Ferritic Steels 
to Stress Corrosion Cracking in 
High Temperature Water, Raul 
Rebak, GE Global Research

ASME PVP Conference "MF-11 -  
Integrity Issues in SCC and Corrosion 
Fatigue," Paris, France, 14-18 July 
2013

August
2013

Paper Environmental and 
Mechanical Behavior o f Ferritic 
Chromium Steels in High 
Temperature W ater and Steam, 
Juan Flores, GE Global Research

16th Environmental Degradation of 
Materials in Nuclear Power Systems -  
W ater Reactors conference in 
Asheville, NC, USA, 11-15 August 2013

August
2013

Paper SCC Performance of BWR 
Structural Materials with Varying 
Chromium Concentrations, Evan 
Dolley, GE Global Research

16th Environmental Degradation of 
Materials in Nuclear Power Systems -  
W ater Reactors conference in 
Asheville, NC, USA, 11-15 August 2013
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August
2013

Presentation Advanced Steels for 
Accident Tolerant Fuel Claddings - 
Ferritic Martensitic Alloys as Accident 
Tolerant Fuel (ATF) Cladding Material 
for Light W ater Reactors

FCRD Advanced Fuel Campaign, 
Integration Meeting, Salt Lake City, 
NV, 27-29 August 2013

October
2013

Paper Advanced Steels for Accident 
Tolerant Fuel Cladding in Commercial 
Nuclear Reactors, Raul Rebak, GE 
Global Research

Materials Science & Technology 
2013 Conference and Exhibition, 27- 
31 October 2013, Montreal, QC, 
Canada

November
2013

Presentation Advanced Steels for 
Accident Tolerant Fuel Cladding in 
Commercial Nuclear Reactors by Raul 
Rebak, GE Global Research

Invited presentation at Western 
University, Chemistry and Surface 
Science Department, London, 
Ontario, 26-November-2013

December
2013

Presentation Advanced Steels for 
Accident Tolerant Fuel Claddings by 
Raul Rebak, GE Global Research

Advanced Test Reactor ATF-1 
Irradiation Planning Meeting, Idaho 
National Laboratory, 18-December- 
2013

February
2014

Paper Alloy Selection for Accident 
Tolerant Fuel Cladding in Commercial 
Light W ater Reactors by Raul Rebak, 
GE Global Research

TMS 2014 143rd Annual Meeting and 
Exhibition, San Diego, CA 16-20 
February 2014

February
2014

Presentation Advanced Steels for 
Accident Tolerant Fuel Cladding in 
Commercial Light W ater Reactors by 
Kevin Ledford, Global Nuclear Fuels 
by Raul Rebak, GE Global Research

EPRI/INL/DOE Joint Workshop on 
Accident Tolerant Fuel, San Antonio, 
TX, 27-February-2014

March 2014

Paper Resistance o f Advanced Steels 
to Reaction w ith High Temperature 
Steam as Accident Tolerant Fuel 
Cladding Materials by Raul Rebak, GE 
Global Research

Paper C2014-3924, Corrosion/2014, 
NACE International, San Antonio, TX 
09-13 March 2014

March 2014

Paper "SCC Resistance o f Irradiated 
and Unirradiated High Cr Ferritic 
Steels" by Peter Andresen, GE Global 
Research

Paper C2014-3760, Corrosion/2014 
Conference and Exhibition, NACE 
International, 09-13 March 2014, 
San Antonio, TX

March 2014

Presentation Stress corrosion 
cracking
behavior o f Alloy 33, APMT, 
and T91 in simulated BWR 
environment by Parag Ahmedabadi, 
U. o f Michigan

Presented in Research in Progress 
Symposium Corrosion/2014 
Conference and Exhibition, NACE 
International, 09-13 March 2014, 
San Antonio, TX

March 2014

Advanced Steels as Accident Tolerant 
Fuel Cladding in Commercial Light 
W ater Reactors by Raul Rebak, GE 
Global Research

247th American Chemical Society 
Meeting, Dallas, TX, 16-20 March 
2014
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April 2014

Presentation SCC Resistance of 
Irradiated and Unirradiated High Cr 
Ferritic Steels by Peter Andresen, GE 
Global Research

Annual ICG-EAC (International 
Cooperative Group on Environmentally 
Assisted Cracking in the nuclear industry), 
in Prague, Czech Republic, 06-11 April 
2014

April 2014
Presentation ATF DOE and GE Hitachi 
Nuclear Energy Meeting by Yang-Pi Lin, 
Global Nuclear Fuels

DOE HQ, Germantown, MD, 18-April-2014

May 2014

Presentation Ferritic Steels for Accident 
Tolerant Fuel Cladding in Commercial 
Light Water Reactors by Raul B. Rebak, 
GE Global Research

ASM International, Spring Symposium of 
the Eastern New York Chapter, 
Schenectady, NY 13-14 May 2014

July 2014

Presentation Electrochemical Behavior 
of Advanced Steels for ATF Cladding 
under Simulated Normal Operation 
Conditions by Young-Jin Kim, GE Global 
Research

Electric Power Research Institute Fuel 
Reliability Program SummerTechnical 
Advisory Committee Meeting 
Breakthrough Fuel Technology / Accident 
Tolerant Fuel, Baltimore, MD, 14-15 July 
2014

August
2014

Presentation Accident Tolerant 
Advanced Steels Cladding for 
Commercial Light Water Reactors Fuel 
by Raul Rebak, GE Global Research

FCRD Advanced Fuels Campaign, 
Integration Meeting, Energy Innovation 
Laboratory, INL, Idaho Falls, ID, 26-28 
August 2014

September
2014

Paper Effect of Superheated Steam on 
the Corrosion Behaviour of Advanced 
Steels Proposed as AccidentTolerant 
Fuel Cladding by Raul Rebak, GE Global 
Research

Eurocorr 2014, European Federation of 
Corrosion, Pisa, Italy 08-12 September 
2014

September
2014

Paper SCC Growth Rate of Irradiated 
and Unirradiated High Cr Ferritic Steels 
by Peter Andresen, GE Global Research

Fontevraud 8, Contribution of Materials 
Investigations and Operating Experience 
to LWRs' Safety, Performance and 
Reliability, 15-18 September 2014, 
Avignon, France

September
2014

Presentation AccidentTolerant 
Advanced Steels Cladding for 
Commercial Light Water Reactors by 
Evan Dolley, GE Global Research

OECD NEA Expert Group on Accident 
Tolerant Fuels for Light Water Reactors 
Second Meeting, Paris, France, 23-25 
September 2014

In the issue o f Nuclear News March 2014, an article was published where GE outlined the aim 

of the project and the current status http ://www.ans.orq/pubs/m aqazines/nn/y 2014/m 3 

In the Journql of Chemical and Engineering News, Volume 92 Issue 15, pp. 25 -26 ,14-April-2014, 

the article "Hunt Continues for Materials That W ithstand Radiation Exposure," published by 

Jyllian Kemsley mentioned the plan by General Electric to use steels as accident to lerant fuel 

cladding http://cen.acs.orq/articles/92/il5/Hunt-Continues-M ateria ls-W ithstand-Radiation.htm l
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