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Fortbildungszentrum fir Technik und Umwelt (FTU), Auditorium (Aula)

Welcome W. Tromm/M. Steinbrick, KIT

Update of the QUENCH Program

LONG-TERM DRY STORAGE — SYSTEM ZR-H (Chair: M. Wolff, ENSI)

Update of the SPIZWURZ project investigating the hydrogen
behavior in zirconium alloys

Hydrogenation of claddings in the new developed HOKI oven
and performance of the long-term bundle test under dry
storage conditions in the framework of the SPIZWURZ project

Coffee break (Group Photo)
Neutron imaging investigations of hydrogen in cladding tubes

Structural integrity of hydrided Zircaloy and its implications for
safety of extended dry storage

Hydrogen diffusion and precipitation in fuel cladding under
stress, at various temperatures and under the influence of a
liner, using neutron imaging

Lunch
ATF CLADDING (Chair: M. Grosse, KIT)

Accident Tolerant Fuel: Cr Coated Cladding Development at
Westinghouse

Exploring safety limits of Cr-coated ATF cladding using
separate effect and integral LOCA experiments

Chromium coating (on zirconium based-cladding substrate)
cracking monitoring and characterization under
thermomechanical loadings

Preliminary BDBA test results of Cr-coated Zr alloy cladding at
DEGREE facility

Coffee break
The CODEX-ATF experiment

* In Cooperation with the International Atomic Energy Agency (IAEA)

M. Steinbrck, KIT

M. Grosse, KIT

J. Stuckert, KIT

S. Weick, KIT
Y. Lee, SNU

J. Bertsch, PSI

K. Frederick, WEC

Y. Lee, SNU

A. Charbal, CEA

K. Nakamura, CRIEPI

R. Farkas, CER(EK)
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Oxidation of various ATF cladding concepts

Recent and ongoing experiments on the high-temperature
oxidation and degradation of Cr-coated Zr alloy

Wednesday, 6 Dec 2023
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10:40
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13:30

14:00

14:30
14:50
15:20
16:15

MODELLING AND CODE APPLICATION (Chair: E. Rouge, IRSN)

Modelling of hydride morphology in zirconium tubes loaded by
internal pressure after slow cooling

Development of a model for Cr-coated Claddings for system
codes

Simulation of QUENCH-15 and QUENCH-03 scenarios with
modified AC? for Cr-coated claddings

Coffee break
NPP accident analyses under LOCA and SBO conditions using

system computer codes

KIT Validation Activities of the ASTEC code against the
QUENCH Bundle Experiments: Results and Outlook

Estimation of melt oxidation kinetics

Lunch

INTERNATIONAL PROGRAMS (Chair: H. Esmaili, USNRC)
IAEA ongoing activities to support advanced nuclear

fuel technologies development

Improving chemical thermodynamics knowledge of severe
accidents within the OECD-TCOFF2 Project

Update on NEA activities supporting ATF development
Overview on the OECD-NEA Joint Undertaking QUENCH-ATF

Coffee break + Time for discussion

A. Endrychova,
uJP

M. Steinbrick, KIT

M. Kolesnik, KIT
(presented by

J. Stuckert)

G. Stahlberg, RUB

T. Hollands, GRS

M. Valincius, LEI

M. Cazado, KIT

J. Stuckert, GRS

A. Khaperskaia, IAEA

D. Bottomley, JRC

J.F. Martin, OECD-NEA

M. Steinbrick, KIT

Bus to former nuclear power station Philippsburg and invited dinner (Lowenbrau

Philippsburg)

Thursday, 7 Dec 2023

9:00
9:30

10:00

EXPERIMENTS (Chair: J.- Stuckert, KIT)
PNNL Research and Testing Capabilities

A separate effects study of secondary hydriding during a LOCA
transient

High Temperature Creep of Zr Alloys with Internal Overpressure

G. Wang, PNNL

A.M. Kpemou, IRSN

V. Boucek, UJP



10:20
10:50

11:10

11:30
12:00

Coffee break

The EC SCORPION Project on SiC cladding: Overview and first
results

Analysis of Fuel Fragment Dispersal During Post-Burst Vibration
Event

Closure of the Workshop

Lunch

M. Grosse, KIT

P. Doyle, ORNL

M. Steinbrick, KIT
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28™ International QUENCH Workshop

W. Tromm
KIT

Outlook Programme NUSAFE at KIT and Helmholtz Association

The Head of the Nuclear Safety program at welcomed the participants and gave a brief overview
on the status and future of the nuclear safety research in Karlsruhe within the current political
boundary conditions.
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Karlsruhe Institute of Technology

Welcome Address:
28th QUENCH workshop at KIT

Outlook Programme NUSAFE at KIT and Helmholtz Association

Th. Walter Tromm, Programme Nuclear Waste Management, Safety and Radiation Research
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KIT — The Research University in the Helmholtz Association



Countries launch joint declaration to triple nuclear energy ﬂ(IT
capacity by 2050 at COP28

President of the French Republic
Emmanuel Macron and United States
Special Presidential Envoy for Climate
John Kerry announced that 20 countries
have launched the 'Declaration to Triple
Nuclear Energy by 2050' at the 28th United
Nations Climate Change Conference or
Conference of the Parties of the UNFCCC
(COP28).

Leaders from around the world came
together on 2 December in Dubai to make
the joint declaration which refers to Nuclear
Energy Agency analysis which shows that

a scenario where nuclear energy capacity

is tripled by 2050 provides a feasible path President of the French Republic Emmanuel Macron launching
to meet net zero. the 'Declaration to Triple Nuclear Energy by 2050' at COP28.
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(J uclear Energy Age_nf:y Dlrector_Ge.neraI William D. Magwood

NEA commented on the joint declaration: \

Karlsruhe Institute of Technology

“I am pleased to see this declaration from the leaders of 20 countries committing to work together to
advance a global aspirational goal to triple nuclear energy capacity by 2050. Nuclear Energy Agency
analysis shows that tripling nuclear energy capacity by 2050 provides the world with a realistic and practical
path to meet net zero carbon emissions goals. We have the research to tell us what needs to be done, and
now is the time for action. o

1400 -
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1200 L 80
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The task ahead is not an easy one, but | am
optimistic, as this declaration demonstrates a
collective recognition of what is required. Those 30

400 - -
countries that choose this option will need to work in o | /\\ 2
concert to address issues such as affordable “ ;0

800
r 50

600 -+ L 40

Installed capacity (GWe)
Cumulative CO2 emissions avoided (GtCOZ)

financing, enhanced supply chains and the need for 2020 2025 2030 2035 2040 2045 2050
a skilled workforce if success is to be in reach. We el eisios i ‘ ,
. . IPCC 1.5°C scenarios (2050 average) = 1 160 GW nuclear capacity (based on the average of IPCC 1.5°C scenarios)
look forward to working with our members and Comsorvative orcrect Ambitious project
. » onservative projections mbitious projections
pal’tneI’S tO help them I’eaCh thIS goal BN Small modular reactors (2035 market outlook) Small modular reactors (post-2035 market extrapolation)
Large-scale new builds (under construction) Large-scale new builds (planned)
I | ong-term operation (planned) Long-term operation (to 80 years)
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% International Atomic Energy Agency .

Nuclear power has a lot to contribute. IAEA Director General Rafael Mariano Grossi said, “To be pro-
nuclear is to take our long-term responsibility to this planet and its future generations seriously”.

As the only world forum in the nuclear field, the IAEA contributes to an informed debate on the benefits
of nuclear power and nuclear applications by providing the scientific and technical facts at international
forums, including COP, where political leaders, industry, scientists and civil society discuss the way

forward.

28th QUENCH workshop 05/12/2023 Th. Walter Tromm, et. al



Continuation of the Reactor Safety Topic
in PoF V from 2028 until 2035 KIT

® Main focus on LWR technology developments, including LWR-SMR.

® Objective: Contributions within an international collaboration for the
safety assessment of existing and new reactor designs

® Investigations as well in innovative reactor concepts, such as LFR
and MSR

® Objective: Contributions within an international collaboration for the
safety assessment and evaluation of their advantages in
comparison with LWR-reactors, e.g. for higher efficiency and
possibilities for transmutation.

28th QUENCH workshop 05/12/2023 Th. Walter Tromm, et. al



Motivation: Nuclear Technology Developments in LWR
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Th. Walter Tromm, et. al
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KIT approach for safety analysis

® EU-project McSAFER,
coordinated by KIT:
Improving safety analysis

ﬂ(IT

Karlsruhe Institute of Technology

and developments for core analysis and safety

methodologies for SMR

® Planned follow-up by EdF:
KIT WP coordination

SMR

v wge g . PWR VVER
| BM_BF |r1|t|at|ve ,innovation pool Core Physics
prOjeCtS ) Safety assessment Of Neutronics Thermal Thermo- ] Nucler Power Plant Thermal Hydraulics
small modular reactors (SMR) [ hydraulics || mechanics
] . - PARCS - TRACE - Transuranus i - RELAPS
® Develop advanced simulation tools || - parAFIsH || - Subchanflow eI By SRt
for safety analysis of SMR to be -Serpent2 || - Twoporflow [ i ALk i e '°”J

build in Europe

@ Combination of in-house with
external codes to improve core and
plant analysis

28th QUENCH workshop 05/12/2023

In-house: PARAFISH, SUBCHANFLOW, TWOPORFLOW, KATUSA

Th. Walter Tromm, et. al




Core and Plant Thermal Hydraulics MESHFER ﬂ("‘

a SMR W|th Integl’ated RPV Multi-scalel-physics coup"ng Karlsruhe Institute of Technology

Out-vessel Control rod drives
structures

Pressurizer

N In-house code TWOPORFLOW:
M Z | steam oonorsor NuSCALE Core Analysis at FA-Level

Control rods
Core

Vessel

© interface between TRACE / CFD
e Interface between TRACE / SCF
° Interface between CFD / SCF

—317.35

EU McSAFER approach

— 31000

5
300005

Investigation of, e.g.:

» safety-relevant TH
phenomena e.g. boiling,
CHF, cross flow

m Natural circulation flow /
forced convection transition

NuScale core: 3D Coolant temperature

COSMOS-H
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‘:)'NEA QUENCH-ATF Joint Undertaking

Worldwide first large-scale bundle experiments with
Accident-Tolerant Fuel (ATF) cladding materials under —
DBA and severe accident conditions I

® Three bundle experiments in the QUENCH facility
® Budget: 1.6 Mio €

m 20 participants from 9 countries

(

}
=

I
Most promising ATF cladding concepts H
@ Cr-coated Zr alloys
@ FeCrAl alloys
@ SiCf-SiC ceramic matrix composites

QUENCH-ATF #1 successfully performed with Cr coated Zr n —

S
(provided by Westinghouse) IS

/IN
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Assessment of the radiological consequences of

severe accidents in nuclear power plants :\!(IT
® Cooperation with IRSN on ASTEC code (including source-code shared with KIT) imre nsue siecmoions

® Cooperation under the US-NRC-CSARP agreement with SANDIA-NL MELCOR development

® Coupling ASTEC with JRODOS: Innovative computational platform for realistic assessments
of fission product release and dispersion into the environment in case of severe accidents in
NPPs, i.e. PWR, VVER-1000, BWR and SMRs
® Quantification of uncertainty and prediction accuracy
® Emergency management support for beyond-design-basis events
® Artificial intelligence algorithms to improve ASTEC and JRODOS

European Reference ASTEC code (IRSN) JRODOS

~
p p e -
_— Vi *
: — ‘ =
| B
/ —— , :
[ —
)/

Realtime Online DecisiOn Support systes
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Innovative Reactor concepts:
EU Project PATRICIA CIA ﬂ(".

Partitioning And Transmuter
Research Initiative
in a Collaborative Innovation
Action (2020-2024)

® 24 European project partners
coordinated by SCK-CEN

® KIT: fuel rod bundle
experiments with liquid metal
LBE

® Realistic blockage in 19-pin bundle
® MYRRHA specific geometry

® Well defined porosity by ZrO2
printed blockage

11 28th QUENCH workshop 05/12/2023 Th. Walter Tromm, et. al



INNUMAT - INNovative strUctural MATerials for fission and fusion

® Coordinated by KIT,
36 Partners (20 research institutions, 9 universities,
7 private organizations) from 15 countries

® Total budget: 9.24 Mio€ (EU funding: 8 Mio €, 75% fission
& 25% fusion)

® Development and qualification of innovative materials,
increase of technology readiness level (TRL)

® Cross cutting aspects: one WP dealing with the synergies
in terms of innovative materials for fission, fusion and also

G e-
beam
E _ s
tdh ——
A [ —
Volumetric Heating:
rate: <10°K/s
time: <40 us
Melt layer:
depth: <100 ym
cooling: <10" K/s

(heat conduction)

restructured
Surface alloyed
layer

non-nuclear energies

® KIT involved in all major material research tracks
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Topic 2 Reactor Safety: Status and Outlook _\\J(IT

Karlsruhe Institute of Technology

® Excellent scientific expertise available [« S RS
and unique experimental faCiIitieS new proposals in HORIZON-EURATOM Call 2021 accepted for funding:

Advanced Nuclear Safety Evaluation of Liquid Metal Using
ANSELMUS 68.719,00 |Systems

® Continue with teaching and education | a50315.00 | eligene o the Simustion o evere Aot

Building European Nuclear Competence through continuous

ENEN2plus 105.000,00 |Advanced and Structured Education and Training Actions

. ESta bl IS h m e nt Of m I n . 3 neW European Sodium Fast Reactor - Safety by Innovative Monitoring,
] ESFR-SIMPLE 578.774,00 |Power Level flexibility and Experimental research
professorships at KIT
(coord.: KIT) 1.021.986,00 |Innovative Structural Materials for Fission and Fusion

. Attra Ct (i nte rn ati O n al y E U rO pea n ) OFFERR 42.500,00 |eurOpean platForm For accEssing nucleaR R&d facilities
Stu d e nts , P h D Ca N d |d ate S , et C ) SASPAISA pi7.63200 :Zf:r); /Zrzli);zi:tof SMR with PAssive Mitigation strategies -

SiC composite claddings: LWR performance optimization for

C | D | S d . 1 7 SCORPION 249.930,00 |nominal and accident conditions
. u rre nt y’ OCtO ra tu e nts - SEvere Accident research and KNOwledge managemenT for
SEAKNOT 192.047,00 |LWRs

EC funding for

[ | HGF flnanced 2 KIT in this call 2.864.301,00

@ 3rd party financed 9
® Financed by grant: 6

13 28th QUENCH workshop 05/12/2023 Th. Walter Tromm, et. al
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NUSAFE Topic 1 Perspectives

(New strategic laboratory infrastructure: HOVER* @KIT) /= =%

Research infrastructure for the scientific support of the el || ==
German nuclear waste management programme e

@ Decommissioning Virtual laboratories
- BIM D? (Deconstruction and Decommissioning) (under construction; ready in 2024; @TMB)

- Combined Virtual — Experimental Laboratory (ready in 2023; @INR)
for the development and optimization of decommissioning projects

® Extended interim storage of used nuclear fuel
- LICAS/INCHAMEL.: Test facility to investigate Cladding material under
interim storage conditions (operation started; @ IAM)

@ Disposal of radioactive waste
- INE p-spectrometry-LAB (u-XAS extension; u-CT; FIB-SEM)
(focus on impact of heterogeneities of repository subsystems (operation started; @INE)

- INE-AMS-LAB (ultratrace analysis of radionuclides in environmental samples)
(planned to be ready 2025/26; @INE)

*Helmholtz Research and Technology Platform for the Decommissioning of Nuclear Facilities and for the Management of Radioactive Waste

14 28th QUENCH workshop 05/12/2023 Ti el Tromrh, et. al



= — = Th. Walter Tromm
Karlsruhe Institute of Technology
Programme Nuclear Waste Management,
Safety and Radiation Research

walter.tromm@kit.edu
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28™ International QUENCH Workshop

M. Steinbriick
KIT

Update of the QUENCH Program

The main objective of the QUENCH program at KIT is the investigation of the hydrogen source
term and materials interactions during LOCA and the early phase of severe accidents including
reflood. Bundle experiments as well as separate-effects tests are conducted to provide data for
the development of models and the validation of severe fuel damage code systems.

The QUENCH bundle facility is a unique out-of-pile bundle facility with electrically heated fuel rod
simulators and extensive instrumentation. So far, 20 experiments with various severe accident (SA)
scenarios as well as a series of eight DBA LOCA experiments were conducted. The QUENCH-LOCA
series was completed in 2016. One of the main results is the definition of the conditions for
secondary hydriding around the burst position and its influence on the mechanical properties of
the cladding rods.

The latest QUENCH bundle test under LOCA conditions was conducted in July 2022 with ATF
cladding tubes in the framework of the OECD-NEA Joint Undertaking QUENCH-ATF. Currently, an
8-month lasting bundle experiment with pressurized and hydrogen preloaded fuel rod simulators
is ongoing in the framework of the German SPIZWURZ project on long-term intermediate dry
storage.

Separate-effects tests during 2022/23 were focused on the high-temperature behavior of various
ATF cladding candidates as well as on the behavior of hydrogen in Zr alloys under long-term dry
storage conditions.

QUENCH bundle tests are part of the validation matrices of most SFD code systems, which was
also reflected during the session “Modelling and code validation”.

After the completion of the SPIZWURZ test, two remaining bundle experiments with ATF cladding
in the framework of the NEA project are foreseen.

Most activities of the QUENCH group are embedded in international cooperation in the framework
of the EC, OECD-NEA and IAEA.

Finally, the status of reporting and publishing as well as the numerous national and international
cooperations were briefly described and acknowledged.



AT SIAM

Karlsruhe Institute of Technology Institute for Applied Materials

Update of the QUENCH Program

M. Steinbriick, J. Stuckert, M. Grof3e

28th International QUENCH Workshop, Karlsruhe Institute of Technology, 5-7 Dec 2023

Institute for Applied Materials, Programme NUSAFE

KIT — The Research University in the Helmholtz Association



Outlook
= Current topics

= Experimental facilities
= ATF activities

= Long-term dry intermediate
storage activities

= Modelling / Code validation
= Reporting

m Cooperation

= Future planning

2 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



Current topics -}“_(IT

Karlsruhe Institute of Technology

m Accident tolerant fuel (ATF) cladding

m ATF research after Fukushima Daiichi accidents

= Characterization of promising ATF cladding
concepts at (very) high temperatures

= Degradation mechanisms and kinetic data
= Max. temperature and coping time for AMMs
= Long-term dry intermediate storage

= No final storage on the horizon in Germany and
many other countries

= Hydrogen/hydride behavior in Zr cladding during
50-100 years storage e.g. in CASTOR casks

= Hydride reorientation and its effect on

mechanical properties Hydride reorientation

3 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



QUENCH/LICAS facility ﬂ(IT

Karlsruhe Institute of Technology

@ Unique out-of-pile bundle facility to
investigate reflood of an
overheated reactor core

B 21-31 electrically heated fuel rod
simulators; T up to >2000°C

@ Extensive instrumentation for T, p,
flow rates, level, etc. + MS

B So far, 20 experiments on SA
performed (1996-today)

® Influence of pre-oxidation, initial
temperature, flooding rate

m B,C, Ag-In-Cd control rods
M. Steinbriick et al., Synopsis and

® Airingress; debris formation outcome ofthe Quench
experimental program,
: - NE’I’) 240 (2010'3, 1514-1727.

® Advanced cladding alloys

Stuckert, J., et al., Results of the
QUENCH-LOCA experimental

® 7/+1 DBA LOCA experiments with ' L ProgramatKIT.INM 534 (2020),

152143.

separately pressurized fuel rods

4 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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New test facilities devoted to SPIZWURZ activities ﬂ(IT

Karlsruhe Institute of Technology

INCHAM

Apparatus for in-situ neutron 2.5 m long furnace for
radiography experiments hydrogen pre-loading of
under defined mechanical cladding tubes for bundle tests

load and temperature

6 December 2023 28th Int. QUENCH Workshop Martin Steinbriick KIT — 1AM



itute of Technology

QUENCH activities on ATF cladding materials

m Bundle tests in the framework of OECD-NEA QUENCH-ATF

m Single-rod oxidation and quench tests of ATF cladding segment
samples

@ HT furnace tests with small samples in various atmospheres for
analysis of oxidation kinetics and degradation mechanisms

m Participation in various international collaborations on ATF
m ECIL TROVATORE (Coordinator of WP “Coolant-cladding-fuel interaction”)
m EC SCORPION (Coord. of WP “Coolant/cladding/fuel interaction tests”)
m |AEA ATF-TS (Coordinator of Benchmark QU-19 and exp. program)
m OECD NEA QUENCH-ATF (KIT is Operating Agent)
w OECD NEA TCOFF-2
m Various bilateral collaborations with CNL, IRSN, CTU Prague, SNU, ...

December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



QUENCH-ATF Joint Undertaking '}“—(IT

® Three bundle experiments with ATF cladding in the
QUENCH facility .S‘(IT

m Focus on Cr-coated Zr alloys

m Tubes provided by Westinghouse (US) and others
a Design basis and beyond design basis accident conditions

® Supporting separate-effects tests and PTA
= atKIT IRSHN

» Post-test analyses at IRSN and CEA/ILL (France)

® Code support for test preparation and code benchmark QS
exercises, coordinated by GRS

8 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



QUENCH-ATF1 bundle test

m Conducted in July 2022 in the framework of the
OECD-NEA Joint Undertaking QUENCH-ATF

m Scenario: Slightly beyond DBA-LOCA with
QUENCH-LOCAS3HT as reference test

m PTE ongoing

) |

9 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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Transient oxidation of Cr-Zry with varying heating rates
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Long-term intermediate storage activities .\&(IT

@ Work embedded in the German project SPIZWURZ (GRS, KIT)
and the HGF HOVER infrastructure program
m 8 month lasting bundle test running

m Various SETs on the system Zr-H

® INCHAMEL test facility

m Apparatus for in-situ neutron radiography experiments under defined
mechanical load and temperature

m Sieverts type chamber for hydrogen loading of small samples
(SICHA)

m Investigation of the hydrogen uptake at temperatures relevant for dry
storage of spent fuel

a HOKI test facility

m 2.5 mlong furnace for hydrogen pre-loading of cladding tubes for bundle
tests

11 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



SPIZWURZ bundle test ﬂ(IT

Karlsruhe Institute of Technology

m Simulation of dry storage of pre-
hydrided fuel cladding

8 months (May 23 - Jan 24)
Starting temperature 400°C
Cool-down rate 1 K/day

Cladding types

m Zircaloy-4
» DUPLEX
= ZIRLO

m Hydrogen content 300/100 wppm

m Internal pressure 106/146 bar

SPIZWURZ bundle

12 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



SPIZWURZ Separate-effects tests

Karlsruhe Institute of Technology

m Diffusion of Hydrogen in Zry in axial direction (3 h & 400°C)
m Neutron radiographies of hydrogenated claddings

m Results presented at the 61" GRS Workshop on Safety of the
Extended Dry Storage of Spent Nuclear Fuel

2000 “
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13 December 2023
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28th Int. QUENCH Workshop
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Martin Steinbriick KIT — 1AM



itute of Technology

Modelling and code validation

® QUENCH bundle tests are part of validation matrices of most
SFD code systems

® Pre-test calculation of CODEX-ATF (4 Cr-coated opt. ZIRLO and 3
uncoated opt. ZIRLO claddings) in the framework of the IAEA
ATF-TS project

®m Post-test calculations of QUENCH-19 (24 FeCrAl claddings) and

DEGREE (9 Cr-coated Zry-4 claddings) in the framework of the
IAEA ATF-TS project

® Benchmark exercise (blind & open phase) on QUENCH-ATF1 test
coordinated by GRS

® Separate-effects test data are used by various institutions for
model development

14 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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Reporting

m >20 Scopus referenced papers and conference contributions in 2022/23

MNuclear Engmeering and Design 414 (2023) 112573 Journal of Nuclear Materials 580 (2023) 154433

Gontents lists available at ScienceDirect * Nucken Eagmsring

Contents lists available at ScienceDirect

Nuclear Engineering and Design Journal of Nuclear Materials

journal hemepage: www.el

r.com/flocate/nucengdes =
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Outlook 2024

® SPIZWURZ bundle experiment
» Running until January 2024

A

m Extensive post-test examinations

® QUENCH-ATF2 experiment

m Severe accident test with Cr-coated Optimized ZIRLO cladding
m Planned for March/April 2024
m Post-test analyses

m Post-test examinations of QUENCH-ATF1
m Should be completed in 2024 by IRSN and KIT

® Preparation and conduct of QUENCH-ATF3
@ EC OFFER proposal for the CODEX facility under review
m SETs on various topics, mainly on ATF cladding and Zry/H
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Update of the SPIZWURZ project investigating the hydrogen behavior in
zirconium alloys

SPIZWURZ is a joined project of the GRS Garching and the KIT institutes INE and IAM-AWP. It is
sponsored by the German Ministry of Environment, Nature Conservation, Nuclear Safety and
Consumer Protection. The project started in June 2020 and has a duration of 4.75 years.

The four main topics are:
- Along-term bundle test (duration 240 days) in the QUENCH/LICAS facility,

- Separate effect tests to measure the influence of texture and stress on solubility and
diffusivity of hydrogen in zirconium alloys,

- Determination of elastic and residual plastic strain at a spent fuel rod,

- Modelling, pre and posttest computing of the bundle test for validation of the codes
(benchmark exercise).

A main result already obtained is that pellet swelling does not induce an additional stress to the
cladding, at least after about 50 GWd/tum and about 30 years of dry storage.

The bundle test runs until middle of January 2024. After the test, an extensive posttest
examination of the claddings will be performed to measure hydrogen distributions and hydride
morphologies and orientations.

The separate-effect tests are still ongoing. First results are presented.

Pretest calculations were performed predicting the ratio between circumferential and radial
oriented hydrides as well as the axial hydrogen redistribution.
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Introduction ﬂ(".

The SPIZWURZ project

>

Karlsruhe Institute of Technology

SPIZWURZ = acronym for ,Spannungsinduzierte
Wasserstoffumlagerung wahrend Langzeit-
Zwischenlagerung” (stress induzed hydrogen re-distribution
during long term intermediate storage)
Joined project between GRS and KIT-INE and KIT-IAM-AWP
Founded by the German Ministry of Environment, Nature
Conservation, Nuclear Safety and Consumer Protection
Duration 4.75 years until 3/2025
» Long term bundle test
> Separate effect tests to measure the influence of texture
and stress on solubility and diffusivity of hydrogen in
zirconium alloys
» Determination of elastic and residual plastic strain at a
spent fuel rod
» Modelling, pre and post test computing of the bundle
test for validation of the codes (benchmark exercise)

Purpurner Enzian (Spitzwurz)

Purple gentian

Institute for Applied Materials
Program NUSAFE



Determination of elastic and residual plastic QAT
strain at a spent fuelrod e s

Fuel rod was used in the NPP Gosgen (Switzerland)

Burn-up 50.5 GWd/t,,

Usage until 1984

8 mm long segment were cut

Measurement of the diameter by means of laser micro-meter scanner

Removing of the fuel using a mixture of (NH,),CO, / H,0O, at room temperature
within five days

Measurement of the diameter by means of laser micro-meter scanner

Institute for Applied Materials
Program NUSAFE



Determination of elastic and residual plastic ﬂ("‘
strain at a spent fuel rod
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Determination of elastic and residual plastic ﬁ("‘
strain at a spent fuelrod o

® Sligthly oval shape of the rod cross section with the fuel, largest
diameter is about 30 .. 50 um larger than the smallest one depending
on the axial position.

® The mean value of the outer diameter of the rod still filled with fuel is
about 6 ym smaller than the nominal one.

® After fuel removal, the variation of the diameteris 3.3 £ 1.7 ym
comperes to the same position measured with fuel; the uncertainty due
to the positioning of the pellets is 3.1 £ 2.7 ym.

® Up-initio calculation predicts a decrease of the diameter due to the fuel
removal of <20 um.

B Conclusion: Pellet swelling do not induce stress to the cladding
tube after 50 GWh/t,,,; and more than 30 y dry storage.

Institute for Applied Materials
Program NUSAFE



AT

Separate effecttests = B

® Investigation of the influence of texture and elastic strain on hydrogen
diffusion and solubility in zirconium alloys.

® Measurements of the hydrogen distribution by means of neutron
imaging methods

This topic is still in progress.

Ex-situ neutron radiography investigations of the texture dependence of
H diffusion as an examples of the results already obtained.

Institute for Applied Materials
Program NUSAFE



Separate effect tests

Diffusion in axial direction
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AT

Separate effecttests = E e

Zr single crystals are delivered by MaTeck (Julich):
20 with a (1 0 -1 0) and 20 with ¢ (0001) orientation perpendicular

to the disk plane

Pre-characterization of zirconium single crystals

J\J(k JKJ\ JL

@ > 6mm, thickness 1 mm Rotation around (0 0 0 1): (1 0 -1 0) peaks each 60°

Institute for Applied Materials
Program NUSAFE



Separate effect tests ﬂ(".

In-situ neutron radiography

new leak-tight sample holder with aluminium sealing ring

Institute for Applied Materials
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Separate effect tests ﬂ(".

In-situ neutron radiography

/
J
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QUENCH bundle test

= Bundle with 21 - 32 fuel rod
simulators of ~2.5 m length

s Electrically heated: ~2 m;
m Fuel simulator: ZrO, pellets
= Quenching from bottom

s Off-gas analysis by mass
spectrometer (H,, steam ...)

m Extensive instrumentation for T,
p, flow rates, water level, etc.

m corner rods, can be removed
during test

\ater

quench —

line

,
Mass spectrometer

GAM 300

1 Prisma

AT

Karlsruhe Institute of Technaloav

Caldos ()
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QUENCH bundle test

Zircaloy

shroud

00000
©000©

heated rod Steel tube

insulation

AT

Karlsruhe Institute of Technology
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haater

" B

ﬁ ZrOZ pellet

Zry-4 gladding
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QUENCH bundle test ﬂ(".

Hydrogen loading of 2.5 m long cladding
tubes

T=450°C

Loading from the inner side, outer side
of the tube is in air atmosphere
producing an oxide layer preventing
hydrogen release.

v SPIZWURZ: loading of the ZyH sample in Hthe oKi furnace to 100 wppm H
After the hydrogen 00
loading, about 20 h o
annealing to normalize 5.
the radial hydrogen g
distribution £
0.2
0.1
’ 0 lIIJEI 2IIJI:] EIE)'D fH[I)[J S&IO th}?ﬁmc z;]U 860 ‘Jir)[) IOlGID llllD'D 12r00 1200
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QUENCH bundle test

Karlsruhe Institute of Technology

Material Pmin, Cmin Pmin, Cmax Pmax, Cmin Pmax, Cmax
Zry-4 1,1 1,1 1,1 1,1
ZIRLO 2 1,1 1,1 1,1
Dx/D4 1 1 1 1,1

Pmin = 106 bar (c = 68 MPa)
= 146 bar (o0 = 96 MPa)

The test has been started
at May 16 2023 and will be
conducted until January
11 2024 (240 days)

pmax

Crin = 100 wt.ppm
Crax = 300 wt.ppm

Thax =405°C
AT .. =1 K/day

Institute for Applied Materials
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QUENCH bundle test ﬂ(".
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QUENCH bundle test
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Planned Post Test Examinations -\\J(IT

ttttttttttttttttttt f Technology

® Axial hydrogen distribution neutron imaging
® Amount of hydrides neutron imaging, metallography
® Morphology of the hydrides metallography
® dimensions of the hydrides
® Orientation of the hydrides metallography

® Derived parameters (refinement of the already known parameters)

® Threshold temperatures depending on the stress state for general hydride
precipitation (TSSP under stress)

® Threshold stresses for the precipitation of radial oriented hydrides.
® Axial hydrogen diffusion parameters under the two applied stresses

Institute for Applied Materials
Program NUSAFE



QUENCH bundle test

Pre-test calculations with the TESPA-ROD code and resulting axial
hydrogen redistribution

a)

Fuelrod Schematic

b)
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a) Schematic illustration of a fuel
rod simulator with heater.

b) Axial positions of the thermo-
couples.

c) Axial zone layout for the
benchmark.
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QUENCH bundle test

Pre-test calculations with the TESPA-ROD code and resulting axial H redistribution
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QUENCH bundie test ﬂ(".
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Pre-test calculations with the TESPA-ROD code: Prediction of the hydrogen
behaviour at the hottest position of the central rod #01 during the test
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Summary -\\J(IT

ttttttttttttttttttt f Technology

® |nvestigations at a segment of a real fuel rod after long term dry storage:

Elastic and plastic deformations at a spent fuel cladding segment were
measured in the range of the resolution limit.

No additional stress in the cladding tube due to fuel swelling after 50
GWht,,, and more than 30 y dry storage.

® The separate effect test will provide quantitative information on hydrogen
diffusivity and solubility in zirconium alloys. Still in progress.

® The QUENCH bundle test is started at May 16 2023. It will be provide
information about the hydride re-orientation in dependence on

Cladding alloy (Zry-4, ZIRLO, Dx/D4 Duplex)

Initial hydrogen concentration

Gas pressure inside the tubes and hoop stress in the tube wall
Initial temperature and cooling rate

The test will end at January 11 2024

® Predictions on the behavior were already calculated using the single rod
code TESPA-ROD

Institute for Applied Materials
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Hydrogenation of claddings in the new developed HOKI oven and
performance of the long-term bundle test under dry storage conditions in
the framework of the SPIZWURZ project

During the dry storage of spent nuclear fuel, the initially dissolved hydrogen precipitates as hydrides
in the metallic matrix. The orientation of hydrides influences the crack propagation and depends
mainly on the hoop stress. In the frame of the SPIZWURZ project, the reorientation of zirconium
hydrides in cladding tubes is being investigated under conditions similar to dry storage. For the long-
term SPIZWURZ bundle experiment, 21 zirconium alloy tubes were charged with hydrogen to 100 and
300 wppm in the special developed HOKI tube oven as homogeneously as possible along a length of
1.3 m. The developed process allows a stepwise and controlled hydrogen absorption through the
specially treated inner surface of claddings placed in the oven heated to 450 °C. The hydrogenation
was carried out by successively supplying fixed masses of hydrogen, initially increasing the pressure in
the tube sample from the achieved vacuum level to about 0.5 bar. Because of absorption, this pressure
dropped to a predetermined vacuum level within a few minutes. During hydrogenation and
subsequent heat treatment processes, the outer surface of the tube was exposed to a flow of oxygen
to create an outer oxide layer more than 1 um thick, which served as a barrier to hydrogen
accumulating in the tube wall. After the hydrogen loading of the samples, the axial distribution of
hydrogen was determined by laser scanning profilometry. This method makes it possible to use the
correlation between the swelling of the rod diameter and the hydrogen concentration. This correlation
was obtained by hot extraction of hydrogen from pre-hydrogenated reference samples. A long-term
bundle test with hydrogenated and pressurized cladding tubes began on 12.05.2023 and will last until
mid-January 2024. The peak cladding temperature decreased in steps of about 15 K from 400 to 200 °C
currently (the average cooling rate is about 0.9 K/day).
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performance of the long-term bundle test under dry storage
conditions in the framework of the SPIZWURZ project

J. Stuckert, C. RoRger, J. Moch, M. GrolRe, S. Weick

Institute for Applied Materials; Program NUSAFE

KIT — The Research University in the Helmholtz Association



AT

Karlsruhe Institute of Technology

Goal of bundle test:
investigation of behavior of hydrides during the long-time dry storage of spent fuel with
> different cladding materials (Zry-4, opt. ZIRLO, DUPLEX)
» different cladding inner pressures (140, 100 bar)
» different hydrogen contents (100, 300 wppm)

> different temperature histories (due to axial T profile in the bundle)

long time cool-dowrl:

reorientation of
hydrides

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 2/24 %
Hexe orientation of hydrides '95}’ I A M
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Phase diagram Zr-H \\‘(IT
/nach Zuzek et al., Bull Alloy Phase Diagr., 11 (1990), 385/ —
1000 _ y

900
800
700

600

500 T~

phase transition a¢>f at T 550 °C

400

Temperature in °C

30D o+d

200

10 20 30 40 50 60 at.%H
Zr 3 g4 02 03 04 05 1.0 15 20  wt%H

wppm

S

Zr 0.1 0.2 03 04 05 1.0 1.5 2.0 H/Zr

hydriding of claddings should be performed at T<550 °C to avoid the phase transition

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 3/24 ’s:.
Hexe orientation of hydrides \‘.9;3 I A M
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Solubility of hydrogen in a-Zirconium :gg(lT
/D. Khatamian, V.C. Ling, JAC vol.253-254, 1997, https://doi.org/10.1016/S0925-8388(96)02947-7/

Karlsruhe Institute of Technology

= Khatamian-Ling 1997
/
£ 600
2
? 500
=] /
=] /
£ 400
2 < 37300 /
S 300 Cy(wppm) = 1.46-10°-e RT
g
.g 200 7
g /
o 100
[*]
© I
100 150 200 250 300 350 400 450 500 550
Temperature, °C
T, °C 175 200 225 250 275 300 325 350 375 400 425 450 475
Cyp wppm| 7 11 18 27 41 58 81 109 144 186 236 295 363
dissolved hydrogen dissolved hydrogen dissolved hydrogen
at the end at the beginning after hydriding
of the bundle test of the bundle test in oven
12. Cladding hydrogenation and SPIZWURZ bundle test on re- / S
SHIAAA L Eele orientation of hydrides 4124 'e!.}’ I A M
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Pre-hydrogenation of claddings in tube oven through the inner cladding surfaceﬂ(lT
with simultaneous oxidation of outer cladding surface Karkruhe Istitute of Technolooy

For hydriding to 300 wppm:
1) evacuation of cladding tube,
2) filling of cladding tube
with H, to 8.4 bar at T=450 °C,
3) p decrease to =0 bar,
4) annealing (T=450°C) during 3 h
to homogenization of H distribution

Duration of hydrogen absorption depends on the diffusion coefficient
44560
DE"(cm?/s) =7-1073-e” "RT

/].J. Kearns, JNM vol. 43, 1972, https://doi.org/10.1016/0022-3115(72)90065-7 /

and is therefore t ~ 82, /D" ~ 1250 s for clad thickness §,,=725 um, T=450 °C

e o o o o o o o o o o o o o o o o o o
450 °C
% o % ® & ® ¢ & ® O & ¢ & & & & ¢
= 20 2.0
H ' o .
MPa g 16 — — 15 o
02 %14 // 5 %
oxidation of outer % 12 // e |.3 ‘:
clad surface to €10 / Lo %
" (o]
avoid H, release s 3 — 1 N <
from the clad wall g _— oxidation Kinetics 0.8 5
N 6 mg 13636 05 5
= MM(5557) =636-101 . e7 T 052
. i -
52 /E. Hillner, ASTM STP 633,1977/ " 2
0 | 1 | | | | 0.0
[Vacuum pump] 0 0.1 02 03 04 05 06 07 08 09 1
Zeit, Tage

orientation of hydrides
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HOKI-facility: hydrogenation of single claddings ﬂ(IT
through the inner cladding surface i
and oxidation of the outer cladding surface

Karlsruhe Institute of Technology

oxidation
cladding |
outer surfag

k4
control and recording HOKI oven with 5 heated zones (il
system and connected gas system P

VHZZVhot clad + Vcold supply =133 cm® + 20 e’

05.12.2023 J Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 6/24 ..‘ I A M

orientation of hydrides
In stltutefo Applied Materials



Hydrogenation of each cladding in extended pulse mode ﬂ(IT
to prevent rapid formation of hydrides near to the inner cladding surface o .ces et

2.1 0.7
1.8 0.6
]
215 T h h N N ( -} 1 q Nl n 0.5 = 150
E £ 440
g12 04 3
= g 8
Z 0.9 03 = )
e " = o
= £ F 40
Z 0.6 02 2 0
—
600 800 1000 1200 1400 1600 1800 2000 200
0.3 Elevation, mm

0

0 500 1000 1500 2000 2500 3000
—H2 —p Time, s clad 17

pulse filling of the internal cladding volume after special treatment of the

inner cladding surface and evacuation of the cladding tube:

1) stepwise hydriding of cladding to 300 wppm H
14 injections with p,,,,=0.6 bar —
74 74
total m, = 14 x (P-pmax hot UWPmaxV cold
RThot RTco1a

) =0.05¢g

y 70a G 0.05/170 300 HOKI oven with axial temperature profile:
cad1250m = 1709 Ly =0. = SU0 wppm T = 450 °C along the length of = 1250 mm

2) stepwise hydriding of cladding to 100 wppm H
5 injections with p,,,.,=0.6 bar —

4 14
total m,,, = % (Hpmax hot . UWPmaxV cold
RThOt RTCOld

) =0.0179¢

M,

C

ad1250m = 1709  Cy=0.0179/170 = 100 wppm

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 7124 ST
Hexe orientation of hydrides \99‘;3 I A M

Institute for Applied Materials



Determination of axial distribution of hydrogen concentration ﬂ(l'l'
by increase of circumferential strain at each elevation

Karlsruhe Institute of Technology

7
364 +62|v H
reference sample T7 (Zry-4) ] pRM

6 1400 mm 1410 m

5
£
=4
o 4
©
g 292 +50 wppm
c 3 —» <
a 830mm 840 mm 2°4*43wppm H
o —p» «—

2 1240 mm 1250 mm

1

156 +27 wppm H
0 320mm 330 mm avg. OD 0-180
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Elevation, mm

axial profile of cladding diameter increase (laser scanner)

and corresponded hydrogen concentrations
(hot extraction from 3 lamellas 10x1 mm)

. !.‘, | ‘ .
profilometry of clads with laser scanner
(thermal expansion #0.3 um for #5 °C)

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 8/24 ST
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Correlation between hydrogen content and cladding diameter increase ﬂ(IT

Karlsruhe Institute of Technology

T7
835 1245 1405
4.8 3.8 6.5
292 254 364
50 43 62
13 6 3
[

sample T4 T5 T6 |
axial position, mm | 750 1250 1650 | 750 1250 1650 | 405 755 1155 1455 | 325
OD increase, pm (laser scanner) | 7.6 4 5.5 | 8.2 5.5 4.5 | 1 25 2.7 1.5 | 2.7
hot extraction, wppm | 318 301 320 | 421 353 296 | 66 132 135 115 | 156
+ wppm | 486 45 49 | 105 8 74 | 17 33 34 29 | 27
SD | | 25 3 2 | 27 2 1 5 | 4
450 Correlation based on T4-T7 tests with Zry-4 samples
T 400
- "
2350
=
5:? [ J
.2 300 ¢ e
=
O
CG .
£ 250 °
(]
2200
Q
o 3 Cy =56.036*AD
& 150 e
;_5 Y ) [ ] . .
- ° coeff. of determination R* = 0.8292
o 100
Q
S ®
O 50 '
0
0 1

05.12.2023 J Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re-

orientation of hydrides

Laser scar%ner: growt?l of clad 0151ter diamet6er AD, um7

9/24
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Axial hydrogen distribution for claddings
hydrogenated to 100 wppm H ﬂ(IT

Karlsruhe Institute of Technology

300 ~ 500 300 500
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250
- 400 25 400
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g 200 g 0 &
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Axial hydrogen distribution for claddings
hydrogenated to 300 wppm H ﬂ(IT

500
D1 (DUPLEX, 300 wppm H) 500
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Karlsruhe Institute of Technology
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Metallography of the reference sample D6
(DUPLEX with outer 150 pm liner) ﬂ(IT

not etched cladding cross-sections

Karlsruhe Institute of Technology

358 WwW8AM X000Z AMIST €1-900

outer ZrO, 2.4 pm (formed during 4.5 days at 450 °C)
corresponds 0.3% O in whole sample,
what was confirmed also by hot extraction

200 wppm SEM: 170 wppm

hydrides

. . o
05.12.2023 J Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 12 /24 O
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Relationship between the CASTOR-V/19 container (PWR)
and the QUENCH bundle simulator

5030

2440

Container for 19 fuel elements

with a maximum height of 4950 mm and a total heat output of 39 kW

05.12.2023 J Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re-
orientation of hydrides
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temperature
control of
bundle head

containment

Ar cooling jacket

=800 mm

H,O

ana_l]

AT

Karlsruhe Institute of Technology

—
H.0
H.0
_ﬁ_
g

=2.9m
length

of W heaters
testbundle =1m

shroud

ZrQ, insulation

AL fu— i Ar purge flow
T | £
Ar aandll
—_— A i ~#—— H,0 or steam
E_ H,O
cooling H,0
bundle foot
E { C]
power —————— II f
supply =~ ———————"|
21 Valves
Kr
He|
QUENCH test section

SHIAM
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SPIZWURZ bundle

Bundle size
Pitch
Corner rod (4) material
instrumented (A, B, C, D)

thermocouples

Grid spacer material
length
sheet thickness
elevation of lower edge
Shroud material
wall thickness
outside diameter

length (extension)

Shroud material
insulation insulation thickness
elevation

Cooling jacket Material: inner/outer

inner tube
outer tube
Thermocouples at cladding surfaces
tempered cooling inside corner rods
jacket (T=12..14 °C) at shroud outer surface
05.12.2023 J. Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 141 24

orientation of hydrides

AT

Karlsruhe Institute of Technology

21 heated rods

14.3 mm

Zircaloy-4

tube & 6x0.5 (bottom: -1140 mm)
Zircaloy-4

42 mm

0.5 mm

Zry: -100, 150, 550, 1050, 1410 mm
Zirconium 702 (flange: Zry-4)
3.17 mm

86.0 mm

1600 mm (-300 mm to 1300 mm)
ZrO, fiber

~ 36 mm

-300 to ~1000 mm
Inconel 600 (2.4816) / SS (1.4571)

& 158.3/168.3 mm

@181.7 /193.7 mm
rods 1, 5, 9; totally 3x15=45

one at each elevation 2-16, totally 15

one at each elevation 3-15, totally 13

SHIAM
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Heat transport in the QUENCH bundle

AT

Karlsruhe Institute of Technology

Mo-heater
+1300
Hzo — ) .
empty space (8,,,=37 mm) at bundle head field with Ar
/ with heat conductivity A,,=0.01772 W/(m-K):
H.O lind iaak » low bundle head cooling due to conductivity
gaeaoling Jacket Qona = A+ 22ndleTiacket 01772 . 222 ~ 160 W /m?
» intensive bundle head cooling by radiation
+1050 Zry spacer grid =20 Graa = # 0 (Thunate=Threr) = 0.27 -0 (623°-288%) = 2200 W/m?
i __ +1024
Ar i
—h-‘—
W-heater
porous ZrO, thermal insulation (porosity 92%)
Z2rO, fiber insulation, with thermal conductivity A, 4us7:0,=0.08 W/(m-K) (673 K)
argon-filled
heat flow:
. . . T —T: _
Ar cooling jacket Qo = 1 - 2mteJodket — 0,08 - 22~ 940 W /m?
Total QUENCH bundle heatloss *630 W
+550 Zry spacer grid
\2AY
05.12.2023 J Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 15/ 24 ‘ég}’ I A M
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2480 mm

heated length
1024 mm

05.12.2023 J Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re-
orientation of hydrides

+1720

+1500 30

}
+1410 Zry

spacer

+1050 Zry

i

spacer

+50 Zry

\
+550 Zry I
spacer

"
spacer
-200 Inconel ([
spacer ||

Ar5%Kr

sliding contact

locking ring
insulation plate
Cu electrode
water cooled

SS plate

thermal shield
AlLO, plate

Mo electrode

tungsten heater

ZrO, annular pellet

Zircaloy cladding @ 10.756 mm
wall thickness 0.725 mm

Mo electrode

Cu electrode

SS plate

water cooled
sealing plate

electric insulation

sliding contact

Heated rod

Cladding outside diameter

Cladding thickness
Cladding length

Rod length
Internal rod pressure; gas
Material of middle heater

Tungsten heater length
Tungsten heater diameter

Annular pellet

Pellet stack
Molybdenum heaters

copper electrodes

(position in the bundle)

(elevations)

surface roughness

material
dimensions

surface roughness

and length of upper part

length of lower part
outer diameter:

prior to coating

after coating with ZrO,
coat. surface roughness

borehole of Cu-electrodes

Gas volume inside the rod heated

Gas volume outside the rod not heated (room T)

16/ 24

AT

Karlsruhe Institute of Technology

10.75 mm

0.725 mm

2278 mm (between -593 and 1685
mm)

2480 mm (-690 to 1790 mm)

5.5 MPa abs.; Kr

Tungsten (W)

Ra=1.6 ym

1024 mm (between 0 and 1024 mm)

4.6 mm

Zr0,;Y,0;-stabilized

& 9.15/4.75 mm; L=11 mm
Ra=0.3 ym

0 mm to ~1020 mm

766 mm (576 Mo, 190 mm Cu)

690 mm (300 Mo, 390 mm Cu)

8.6 mm

9.0 mm

Ra=6-12 ym

diameter 2 mm, length 96 mm
15 cm?®

20 cm?®

A 7
% 1AM
@
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Fuel rod simulator, electrically heated with W and Mo heaters

+1720

AT

sliding contact Karlsruhe Institute of Technology

locking ring
insulation plate (PEEK)

) Elevation, mm Cu electrode (190 mm)
water cooled
+1630 30 AlLO, sealing plate
________ 1600 ]
2480 mm 20 thermal shield
+1500 Al,O ,sealing plate
+1410 |
Mo heater (576 mm)
1024 +1050  Zry- |
------------------------------------------------ i Spacer W heater
Zr0, annular pellet
W heater +550  Zry-4 | | ) .
length spacer hydrided cladding @10.75 mm
; 1024 mm wall thickness 0.725 mm
i +150  Zry-4
! o v 0 spg:egﬂl
E : -300 ]! Mo heater (300 mm)
h linear ~0.26 ~0.035 Cu electrode (390 mm)
eat rate,
W/cm of rod sealing plate (SS)

Axial power distribution at a maximum bundle watereatied

temperature of 400 °C and assumed heat losses of 630 W sealing plate {S5)

electric insulation

To comparison: the average linear heat rate of CASTOR
V/19 with a total heat output of 39 kW is ~0.02 W/cm

sliding contact

Pressurization with Ar to 106 or 146 bar

SIAM

Institute for Applied Materials
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Bundle composition ﬂ(IT

Karlsruhe Institute of Technology

number rod alloy [H conc., wppm| mark
300 DI

300 Zyl

100 Zol

100 Zy2

300 Zo2

300 Zy3

300 Z03

100 Zy4

300 D2

300 Zo4

Thermo- 300 Zy5
couples 100 705
100 Zo6

100 Zy6

100 Zo7

300 Zo8

300 Zy7

100 Zy8

100 D3

300 D4

100 D5

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- Ox(
orientation of hydrides 18124 \.’.;.: I A M
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Pressures inside the rods between 12.05 and 30.10.2023 ﬂ(IT

Karlsruhe Institute of Technology

——p rod 01
140 ——prod 02
~——prod 03
p rod 04
p rod 05

——p rod 06

120

100 ——prod 07

——p rod 08

——p rod 09

o]
=

——prod 10
—prod 11
—prod 12

(=)}
<

———prod 13
[ ——prod 14
prod 15
prod 16

Rod internal pressure, bar

B
=

——prod 17
20 ——prod 18
——prod 19

——p rod 20

0 500 1000 1500 2000 - 2500 3000 3500 4000 prod 21
ime,

» two pressurization levels of 106 and 146 bar

» daily refill of 7 rods with Ar+0, due to small leakages
» short depressurizations of 6 rods due to change of sealing rings

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 19/ 24 ST
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Reading of cladding surface thermocouples (TFS) between 12.05 and 30.10.2023ﬂ(IT

Karlsruhe Institute of Technology

450

TFS 14/16
Bundle elevations 450 and 550 mm, TS s/t
central rod TFS 14/15
TFS 5/15
TFS 1/15
TFS 14/14
TFS 5/14
TFS 1/14
TFS 14/13
TFS 5/13
TFS 1/13

ey Bundle elevation 950 mm, TFS 14/12
¥ Y- ““IM TFS 5/12
)
A
WY

400

350

central rod TFS 1/12
TFS 14/11
TFS 5/11
TFS 1/11
TFS 14/10
TFS 5/10
TFS 1/10
TFS 14/9
TFS 5/9
e— TFS 1/9

R
| A [
TFS 14/8

— TFS 5/8

300

[ ]
0

250

[\
S
S

Temperature, °C

U e TFS 5/7

R IR T ,.‘, TFS 1/7
| ML e T Y
|

150

100

50 . TFS 14/3
Bundle elevation -150 mm, Bundle elevation 1250 mm,

intermediate rod #4 peripheral rod #14

TFS 13/2
TFS 6/2
TFS 4/2

/
0

0 500 1000 1500 2000 Time, h 2500 3000 3500 4000

» peak cladding temperature decreased in steps with 15 K decrement and average duration of 400 h, average cooling rate 0.9 K/day
» periodic daily temperature fluctuations ~+1.5 K for each thermocouple
» 4 el. power breakdowns

05.12.2023 . Stuckert Cladding hydrogenation and SPIZWURZ bundle test on re- 20/ 24 ST
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Smooth temperature decrease
on the time of the power step reduction

AT

Karlsruhe Institute of Technology

Temperature
measurement
elevations
+1350 @ . .
I cooling rate decreased from 4 K/day (5*10-> K/s) to 0 K/s during 10 h
+1250
295
i +1150 1) TFS 1/12
| 41050 290 TFS 14/11
][ +1024 TFS 5/11
+950 43 TFS 1/11
Zr0, fiber +850 (73) TFS 14/10
insulation TES 5/10
Ar-filled +750 @
—— TFS 1/10
+650 (75) g{ 2 TFS 14/9
= (O]
+550 | § +s50 ® - 3 260 TFS 5/9
spacer grid 2 g e TFS 1/9
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Axial temperature distribution
for three rod groups
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Summary -\g(IT

Karlsruhe Institute of Technology

» For the long-term SPIZWURZ bundle experiment, zirconium alloy tubes were charged with hydrogen to 100

and 300 wppm in the special developed HOKI tube oven as homogeneously as possible along a length of 1.3 m.

» The developed process allows a stepwise and controlled hydrogen absorption through the specially treated

inner surface of claddings placed in the oven heated to 450 °C.

» The hydrogenation was carried out by successively supplying fixed masses of hydrogen, initially increasing the

pressure in the tube sample from the achieved vacuum level to about 0.05 MPa. As a result of absorption, this

pressure dropped to a predetermined vacuum level within a few minutes.

» During hydrogenation and subsequent heat treatment processes, the outer surface of the tube was exposed to
a flow of oxygen to create an outer oxide layer more than 1 um thick, which served as a barrier to hydrogen

accumulating in the tube wall.

» After the hydrogen loading of the samples, the axial distribution of hydrogen was determined by laser
scanning profilometry. This method makes it possible to use the correlation between the swelling of the rod

diameter and the hydrogen concentration (verified by hot gas extraction).

» A long-term bundle test with 21 hydrogenated and pressurized cladding tubes began on 12.05.2023 and will
last until mid-January 2024. The peak cladding temperature decreased in steps of 15 K from 400 to 200 °C

today (average cooling rate 0.9 K/day).

05.12.2023 . Stuckert Clgdding hydrogerjation and SPIZWURZ bundle test on re- 23/ 24 ‘.'.::‘ I A M
orientation of hydrides @'

Institute for Applied Materials



Thank you for your attention

http://www.iam.kit.edu/awp/163.php

http://quench.forschung.kit.edu/
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Neutron imaging investigations of hydrogen in cladding tubes

Neutron imaging is a non-destructive method to locally detect precise hydrogen contents within
Zirconium — the metal that is used in cladding tubes. Because of the very low neutron cross section of
Zirconium, the metal is nearly invisible for neutrons and the contrarily behaving hydrogen that scatters
neutrons strongly, appears as dark contrast in neutron images. Thus, the amount of hydrogen within
the samples can be visualised and measured mutually.

In this paper, recent measuring campaigns in the context of hydrogen in cladding tubes are presented.
These different campaigns were conducted in order to determine diffusion coefficients of hydrogen in
axial and circumferential directions of cladding tubes and to determine hydrogen contents in oxide
layers of cladding tubes. The cladding tubes for the determination of diffusion coefficients were either
pre-hydrogenated at low temperatures below 500°C, or the hydrogen uptake process was investigated
in-situ. Other samples were investigated after their heating in oxidizing hydrogen-rich atmospheres.

The paper will help to understand the possibilities of neutron imaging for several applications in the
framework of hydrogen in Zirconium and thus the integrity of cladding tubes.
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Neutron Imaging

HT oxidation

Neutron Imaging of hydrogen
In cladding tubes

Interim dry storage phase:
T, conditions

max
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Theory - Neutron Imaging -l e AN {]]

Karlsruher Institut fir Technologie

NR = Neutron Radiography

detector

I = lje N
< absorption
transmitted beam

incident beam
._

2 =0N

scattering
I: intensity
B T: transmission
transmission 0: microscopic neutron cross section

N: number density
d: sample thickness

2: macroscopic neutron cross section/
neutron attenuation coefficient
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Theory - Neutron Imaging -1 ﬂ("'

X" rays [ Anenuation coefficients with X-ray [em7*] Karlsruher Institut fir Technologie

1a Il 4| s | 66 | 7] 8 | 2

Mn Fe
1320 157
\

| Atterwation coeffi cients with neutrons [em? |

neUtI"OI'IS 1a 22 3 4o g6 [ 66 7o ] b 2b 3a |4a 5a 6a|7a| 0

absorption

scattering

L arthanides|

Lehmann 2012

Kardijilov et al. 2019
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Theory - Neutron Imaging EE ﬂ("'

atte n u ati O n CO effi Ci e n tS Karlsruher Institut fir Technologie
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ydrogen investigation after HT oxidatio =TT AT

Karlsruher Institut fir Technologie

® Breakaway in oxygen environment

® Deformations due to severe oxidation and crack formation may influence the quantification
locally

® What is the reason for strong attenuation ?

— Cracks, trapped hydrogen in cracks and/or hydrogen in the oxide layer ?
VOxygen 1000 °C 90m|n N Oxygen 1100 °C 90min

<0.7
<0.7

transmittance
transmittance
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Hydrogen investigation after HT oxidati
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Hydrogen investigation after HT oxidatio (213 QAT
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® a- Zr(O): in steam higher attenuation than in oxygen

T, = 0.927
TCr+Fe+Zr+O =0.900

n-transmittance

Ter+retzr+o+n = 0.830

0.82 0.830
080-——7———7—7 77777
1760 1780 1800 1820 1840 1860 1880 1900 1920 1940 CH — A~ 84.0 wppm (O 070)

distance (pixel)

— — -Zry4_As Receved
—— Zry4_Steam_1100deg_90min —— Zry4 Oxygen_1100deg_90min




PAUL SCHERRER INSTITUT

ydrogen investigation after HT oxidatim ﬂ("’

Karlsruher Institut fir Technologie
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Hydrogenation — ex-situ/ in-situ T AT
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® From gas phase or with contact method

® Different diffusion velocities in ¢c- and a-axis

® Hydrogenation in axial (c-axis) and/or h%
circumferential (a-axis) direction

® Pre-oxidation essential s

T T T T T T T T T
0 7 14 21 28
annealing time [d]

A ¢
il.
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Dry Storage — NI of hydrogenated clads E= ﬂ("’

x Karlsruher Institut fir Technologie
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Dry Storage — NI of hydrogenated Zr EE ﬂ("’
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® Zr single crystals preparation and measurements:
— XRD, grinding, NI
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Zr single crystals, 450°C, 6h, 60 mm
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Conclusion

® Neutron Imaging very reliable for mvestlgatlons of claddlng tubes at HT oxidation and dry
storage conditions

® HT oxidation

— NI precise for Zr, ZrH,, Fe & Cr SPPs; NEW: for oxides

— ZrO, shows stronger attenuation than Zr metal with HR-NI; its attenuation behaviour varies
with its chemistry and porosity

— The hydrogen concentration in ZrO,, a-Zr, and a+B-Zr varies in dependence of the
oxidation parameters

— Hydrogen concentration: ~ 280 wppm at 1100°C, ~ 160 wppm at 1000°C (high amount in
a+f3-Zr)

® Dry storage

L - _ L PAUL SCHERRER INSTITUT
— hydrogen diffusion coefficients vary with axis direction G ﬂ(IT
— quantitative in-situ measurements possible LJ—»—

Karlsruher Institut far Technologie




Outlook

® First studies with NI — improvements and consequent measuring campaigns are
already condsidered or were/will be conducted

® HT oxidation
— same investigations with 500 & 800°C at BOA, PSI
® Dry storage

— quantitative in-situ measurements with Zr single
crystals, cladding tubes and tensile samples

PAUL SCHERRER INSTITUT
=g\ { |
—
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Structural integrity of hydrided Zircaloy and its implications for safety
extended dry storage

Difficulty to characterize reactor-grade Cold Work Stress Relieved (CWSR) Zircaloy with EBSD has
hampered the direct observation of many of the mesoscale characteristics of Zirconium hydrides
crucial to understanding the behavior of hydrided Zircaloy, including but not limited to, hydride
precipitation, hydride-induced embrittlement, and hydride reorientation. This talk presents successful
EBSD characterization of hydrided CWSR Zircaloy, and demonstrates how it advances the current
understanding and gross assumptions of hydrided Zircaloy. The EBSD characterization reveals
incoherent interface of hydride and reactor-grade Zircaloy matrix for both circumferential and radial
hydrides. This implies a similar level of misfit strains for circumferential and radial hydrides, if any, the
difference primarily arises from different shapes of circumferential and radial hydrides. The observed
parameters were used as inputs to hydride reorientation model development. The developed hydride
reorientation model gives a good agreement with experimental data. Ring Compression Tests (RCTs)
show that Radial Hydride Fraction (RHF) is found to be an effective correlating factor for Strain Energy
Density (SED) of hydrided Zircaloy when it is greater than 5%. SED is strongly correlated to the inverse
of the maximum radial hydride length for all tested cases, demonstrating that radial hydrides serve as
the pre-existing crack for material fracture in terms of fracture mechanics.
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1. Microstructure characterization of hydrided Zircaloy




EBSD characterization of reactor-grade CWSR Zircaloy

» Challenges of hydrided CWSR Zircaloy characterization using EBSD

= TEM —There are some past studies, but TEM cannot provide statistical information.
=  EBSD — Difficult to get results from reactor-grade (CWSR) cladding tube.

Microscopy

Journal of Microscopy, Val. 272, Issue 1 2018, pp. 25-34 doi: 10.1111/jmi. 12729
Received 17 December 2017: accepted 4 June 2018

The challenge of acquiring a satisfactory EBSD result of CWSR
Zircaloy-4 cladding tube

K.-C. LAN*"9, W. ZHONG*, P.A. MOUCHE®*, H.-M. TUNG{, H. LEE*, B.]. HEUSER* &

]J.F. STUBBINS*
*Department of Nuclear, Plasma, and Radiological Engineering, University of linois at Urbana-Champaign, Urbana, inois, U.S.A.

tNuclear Fuels and Materials Division, Institute of Nuclear Energy Research, Longtan, Taoyuan, Taiwan, ROC

» Exploring the micro-structure of hydrided reactor-grade CWSR Zircaloy via EBSD

‘It opens a new avenue to
advance the current understanding
and modeling of hydrided Zircaloy’

<Successful EBSD characterization
of hydrides in SNU>



Simplified vs real hydride-Zircaloy interface

= Simplified radial basal pole texture = |deal pole figure

ND

T Basal pole
@ D ¢
///7\

R 0001
= Real radial texture of basal pole = Real pole figure

30° ND

=

Basal pole 20° /@/@\\ -
a ’\@
J

RD

max=13.051
8.505
5543
3613
2.354
1534
1.000
D652

0001

* Theoretically, it was considered that circumferential hydride precipitates at basal
plane and radial hydride precipitates at the prismatic plane.l!

[51 W. Qin, J.A. Szpunar, J. Kozinski, Hydride-induced degradation of hoop ductility in textured zirconium-alloy tubes: A theoretical analysis, Acta Mater. 60 (2012) 4845-4855.



Hydride-reorientation experiment in detail

= Experimental conditions

(@) (b)
450
400
350
300
250
200
150
100
50

Heat-upHoldin, Cool-down Heat- Holding & Cool-down
tast uptokiing eatup o

s

Temperature [°C]

e
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o

W
I A I |
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Time [hour]

18 20
Time [hour] <Multi-axial Stress state of internally

<Applied temperature and pressure profile> pressurized cladding>

= Hydride reorientation experiment facility

* Reactor-grade Zr-Nb1% cladding
(CWSR and unirradiated) was used.

B e

i
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=
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* The furnace was filled with Ar gas
of 1 atm during pressurization.

Radiant Furnace

| L —
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o Y -
i i —— during the cool-down process.
e o o o iy emperature ressure ata Acquisition,
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<Multi-axial stress test facility>



EBSD Analysis of hydride in reactor-grade (CWSR) Zriconium

<EBSD Image quality map>

= 0 MPa / Circumferential hydrides (216 wppm) = 11 MPa / Radial hydrides (216 wppm)

T Py TR

AN |

* To exclude the effect of the undissolved circumferential hydride on the precipitation of
the radial hydride, specimens with low H concentration (~200 wppm) were prepared.



EBSD Analysis of hydride in reactor-grade (CWSR) Zircaloy

= Quantification of interface: 5 Degrees of freedom

1. Orientation Relationship (3 degrees of freedom)

(@ OR1 (Euler angles of crystal) . .
[Burgers orientation
f @ @ 032 (I.Euler z?ngles.of crystal) | relationship]
n; .

(3 Misorientation axis/angle Attainable via typical EBSD
2. Interface information (5 degrees of freedom)
OR1 OR2 @ @ @ +
(Euler angles of crystal) Eul | f tal S ) ) )
(Euler angles of crystal) @Da e attainable with typical EBSD
Misorientation axis/angle @ ,8 ...... The root of the matter

(Serial sectioning or stereological method)
or Ny

= Axially parallel grains + prevailing Intergranular hydrides due to pilgering allows 3D

interface quantification using 2D EBSD result for reactor-grade Zircaloy (8 =~ 90°)

Hydride-FREE Weld Zone

1070

Zr1%Nb f

v

Axially parallel
grain boundaries

ZrHq 66
and intergranular n A :

hydride interface == "= SRR 8




Construction of 3D Interface data using 2D EBSD

= Phase boundary reconstruction = Axial interface detection via FIB/SEM

|
T—»’é

<FIB/SEM cross-beam angle configuration>

<Pixel based interface> <Boundary reconstruction> i
M <SEM Iage
= Total analyzed interface length
0 MPa 11 MPa 14 MPa 18 MPa

Interface length 137.62 um 60.4 um 96.66 um 81.82 um




Additional consideration of grain orientation

= Defining the orientation of interface

0° Tilted basal pole 90° Tilted basal pole
-
ND
Basal plane
(0° from
basal plane) ®°

Circumferential interface

%I
Prismatic plane

(90° from
basal plane)

Radial interface Circumferential interface

* While exhibiting the same interface plane, each interface is available to result in
the different orientation (radial / circumferential) of the hydride according to the
tilted angle of Zirconium.
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Hydride orientation with two angles

< 0 MPa Circumferential H >
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Hydride orientation with two angles

< 0 MPa Circumferential H >

Grain angle with radial axis (°)
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Hydride orientation with two angles

(2.18 MPa Peak
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Texture of Zr matrix with hydride precipitation

= @Grains with hydride precipitation

I I Hydride
Tp HE 7r grain with H precipitation

max =228
13.682
8.061
4784
2839
1685
1.000
0593

0001

o

< 0 MPa Circumferential H > < 18 MPa Radial H >

e Circumferential hydride: precipitates at most common grains (statistically favorable)
which have +30° tilted radial basal pole.

* Radial hydride (under hoop stress): picks up the grains which contain appreciable radial
grain boundaries. Grains which have +60-70° tilted radial basal pole were found to contain
appreciable extent of radial grain boundaries.

* Modeling Implications: Limited difference in misfit strain between circumferential and
radial hydrides (if any, it’s primarily due to the shape of hydrides) . Hydride segregation at
the radial grain boundary under hoop stress is the key driving mechanism for hydride
reorientation . 4




Hydride (FCC) Interface analysis result

= Total analyzed hydride interfaces
< 0 MPa Circumferential H> < 18 MPa Radial H >

= Hydride interface at most probable HCP interace region
< 0 MPa Circumferential H (Region 1)> < 18 MPa Radial H (Region 2)>

[010] [010]

[100] [100]

{112} {112}
, O . Q

* Both circumterential and radial hydride exhibited specific preference in FCC crystal.
It was stronger at radial hydride , and the preferential site was around {112} family. 15



Orientation relationship and interface determination via TEM

= (0 MPa Circumferential H

200.0nm .
<BF-STEM Image> <Zr Matrix (HCP)> <ZrH (FCC)> <Interface>

18 MPa Radial H
v OR:[0001]//[001] & (1210)//(110) & Interface: (1010)//(110)

ZA [001]

<BF-STEM Image> <Zr Matrix (HCP)> <ZrH (FCC)>




Orientation relationship in summary

= OR analysis in TEM

OR 0 MPa 18 MPa
OR1 [1210]//[110] & (0001)//(111) 5 2
OR 2 [1210]//[110] & (0001)//(001) - 1

= OR analysis in EBSD
» Angle between HCP {0001} and FCC {111} in each interface.

<0 MPa> <18 MPa>
90 i i i T 90 T T T T —
A
T (1010)//(111)

80 80 1
< >
=701 =701
b A
'E 60 'E 60
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g E
c 40 c 40
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a
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220/ * D20
c c
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Interface angle from basal plane (°) Interface angle from basal plane (°)

* (0001)//(111) orientation relationship was dominant in both TEM and EBSD analyses.



Solubility analysis

TSSd analysis result

1400
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* Measured TSSd fits very well with the theoretical value!®, and there was no
difference in TSSD between the radial hydride and the circumferential hydride.

200

300 400 500
Temperature (°C)

[6] G. Sabol, G. Moan, Zirconium in the Nuclear industry: Twelfth International Symposium, 2000.
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Dissolution energy analysis

Stored energy (J/g)

= Dissolution analysis result

Temperature profile: 25°C - 600°C -25°C (20°C/min)

O
A

Circumferential
Radial (18 MPa)

25 L

-
[$)]
T

=N
T

s | @

200 300 400 500 600 700

OH-p measured concentration (wppm)

<Calculated stored energy of all specimens>

800

255.2 wppm / RHF 24 3% 345 52 wppm / 20. 2%

<Optical microscope images>

* No significant difference was observed between circumferential and radial
hydride specimens.
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Conclusion: Implications and planned research

“Interface
Microstructure
Characterization”

#1. Modeling hydride reorientation

Q. Is Misfit strain difference between radial hydride

and circumferential hydride that significant ?

A. No significant preference in interface, thereby
no significant misfit strain difference.

#2. Understanding axial mechanical strength

Q. What is the essential difference in terms of the
dissolution energy?

A. Dissolution energy during heating process
was similar in all tested specimen.

#3. Understanding solubility

Q. Is there any differences in solubility of radial
hydride?

A. There is no appreciable difference.
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2. Radial hydride precipitation model development and

validation




Frame of radial hydride precipitation model I:
Thermodynamic model

Gibbs free energy change for hydride precipitation

Gr_[.ﬁ,
o
_ -1 aa
Guu 1 = cos < >
‘ 20'a5

Nucleus (é-hydride)

Wi

Grain boundary

Cus

AG = gnr3f(—AGchem + AGgrrain) + 4mr? (1 — cosy) 0,5 — (T2 sin? Y ) oy,

[Driving force]
Grain boundary
energy

Interface area [Retarding force] GB area

[Driving force] [Retarding force]
Interface energy

Chemical free strain energy
energy energy

Hydride volume

Surface-dependent free energy
AG

= Critical GB energy and Radial hydride precipitation model

3 +

lémo, s
3 (_AGchem+AGstrain)2
AG™ : Critical nucleation energy of hydrides at GB,

f with f =1—1.5cosy + 0.5cos3y ..

0

AG”

f: Hydride shape factor

-V(AGy = AG) « r?

= Radial hydride precipitation model

Volume-dependent free energy

(ZB*N)raa eXp<
]rad

rad

*

Jeire (ZB*N)¢ire eXp( arc)

b o
f]rad dt
dt+f ]rad dt

[> RHF = 7

circ
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Frame of radial hydride precipitation model II:
Kinetic model coupled to mHNGD

[Input] C, T(t), 0, (t)

n
>

v

MmHNGD model (kinetics)
: Calculate precipitation behavior
(Nucleation, growth, dissolution)

Solve kinetics ODEs

\ 4

h
CSS(tj)' ngd(tj)' C{f’gt (&)

Thermodynamic model
: Allocate orientation of

Nucleation Growth

precipitate
Distribute C3;*“! proportional to /744 Distribute Cz‘,g;th proportional to
and J;;
]arc Cpp,rad (tj—l)» and Cpp,circ(tj—l)
1 180 — T T —T— 71— T T T

A 4 F Circumferential Hyd. 1

160 - —— Radial Hyd. — A

Calculate Cpyp, rqa(t)), Cpp,a-rc(tj) and | TSSP d

140 | |- - -TSSD ‘ ‘ S

RHF(t;) = Cppraa(t))/(Copraa(ti) + Cop,circ(t;))

120 7
/

100

80 -

H content (wppm)

No a0 |-
tj < tp? [
tj+1 = t] + dt 40

20 o
Yes 0_ R oLl ;N |

0 50 100 150 200 250 300 350 400

| [outout] RHF (), Coraa®),Copeare®) | Temp. (0
<150 wppm, 15MPaq, 0. 667 °C/min> 23




Detailed constitutive models and experimentally attained
parameters |

= Critical GB energy and Radial hydride precipitation model

AG’
(ZB"N)rad exp<— rad) AG™ = 1670

x KT ~ — f with f =1— 15cosy + 0.5cos3y
j:ad — AG* Where 3(-AGchem+AGstrain)
. N P g,
cre (ZB*N)¢irc eXp(“ kc;rc) Y = cos™! < s )
ZO'mg

AG cpem : Chemical free energy change during precipitation = AGT2% = AGSY,

RT
AG pem = m [(x+ DIn(x + 1) —xIn(x)] (x = 1.66 for 6-hydride)
y

*  AGgrqin : Free energy stored in Zr matrix due to misfit strain AGTE  ~ AGEY

chem chem
AGgrain = AGY, 4im(Strain energy with no stress) + AGSi?fain (Interaction energy)
c - .
— 2 e u : Shear modulus ¥ : misfit strain
- 6I'lX_ f (a) Xw c/a : aspect ratio of hydride ~ ® : tensile stress
The same hydride volume Sthe of A
+ interface misfit  hydrides Q ‘€
(Xraa = Xcirc) . .
_®— 1 0MPa/ Circumferential hydrides (216 wppm) 18 MPa / Radial hydride (211 wppm)
'g (@.18 MPa Peak
Bl 71 3 (¢) _3 _ ~37(8) =32 —
OC%; 10 -z.oln(eal?fac;gnglz‘jfmrt.:lohas?aolrllaart:e:(‘s‘;@:;0 f(C/a)Clr = ZT[ (E)CI,T' o Zn0.1521 - 0-3584 f(C/a)rad 47-[ (a)Clr 47-[0.1774 0.4180
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Detailed constitutive models and experimentally attained
parameters li
= Critical GB energy and Radial hydride precipitation model

AG,
* rad 3
P (ZB*N)raa exp<— KT ) AG" = 16T %as ~ f with f=1—15cosy + 0.5cos3y
rad __ 3(—AGchem+AGstrain)
= VS where
. . i o,
cre (ZB*N)¢irc eXp(“ kc;rc) Y = cos™! < o« )

* N,qa4/N_ irc : Nucleation site density =Grain boundary length ratio

. Circumferentially elongated grains in reactor grade
| CWSR Zircaloy

* Ogq: Free energy stored in Zr matrix due to misfit strain = 0y rqd > Fgq circ Under tensile hoop stress

Ouparad = Oaacirc + Kgp® - For GBLw hydride segregation increases at the radial grain boundaries
It is the primary driving mechanism for radial hydride precipitation

: Applied tensile @ (+)~ 0uaraa T ~WYraa ¥ ~ fraa 4 ~ BGraa ¥ ~J7aa T ~RHF 1
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RHF analysis result

* RHF assessment of various hydride morphologies using PROPHET

Green : circumferential / Cyan : mixed / Red : radial hydride

233 wppm / 4.9% 381 wppm / 11.9% 466 wppm / 15.9%

|‘ \m -'\.' X,
SRR Y
1 I 2 . -

=

312 wppm / 21.0% 187 wppm / 27.6% 171 wppm / 39.1% 167 wppm / 46.5%
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PROPHET : SNU-developed hydride image analysis code"

Available at http://fuel.snu.ac.kr
(a)

1. Radial Hydride Fraction (RHF)

iLifi ¥

2 Li

0: 0° < 0 < 40° circumferential

Total length : 38579, cut length : 35391 2 o : e fl = 05 40° < V) < 65°: mlxed
Green length : 14768, Cyan length: 9084, Red length: 11539 1: 650 S 8 < 900: Tadial

Sumof pixels

m{‘lgm_l‘,Jatih.wli.@ﬂqg&giu@ﬂn RHF =

Angle - positve sign m

Consider 40~65deg as ed and 65~90deg as radial

Radial Hydride Fraction : 40.4381%

(b)
2. Radial Hydride Continuous Path (RHCP)

(6]
Lwzy — (XzrWzr + XzrnWzrn)
RHCP =
L(WZr —WzrH )
. T e Relative cost of Zr matrix and hydride:

Clading length : 581 835 2| i f dis 2ar(2) 2 —a

(c) Length Projection of Hydride[um] WZT == 50 MPa\/m' WZTH = 1 MPa\/m

1211943
1105269

s 0= Minimum cost path consists of
100% Zr matrix (Straight Zr path)

1= Minimum cost path consists of
100% ZrH (Straight hydride path)

3. Maximum length of radial hydride
<Output screens of PROPHET analysis>
[4] D. Kim et al., Development of an image analysis code for hydrided Zircaloy using Dijkstra’s algorithm and sensitivity analysis of radial hydride continuous path. J Nucl Mater, 2022.

[5] P. Raynaud et al., Crack growth in the through-thickness direction of hydride thin-wall Zircaloy sheet, J Nucl Mater, 2012.
[6] P. Simon et al., Quantifying the effect of hydride microstructure on zirconium alloys embrittlement using image analysis, J Nucl Mater, 2021.
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Experimental validation of the SNU RHF model

3 218 data points

100 — T T y r r T T ——
S | 1 3 130 wppmH, 15MPa(118MPa), 400°C
go +10°/|:p A 30 T — T T T T7T7T T LA B — T T T T T
£ . — Code prediction
i pr A L O Experiment
80 . # [m] . ’
i .o I” 1 25
70 15 B ;,B'—-w%p*
— r —
\‘Q = ’J u ; . L \
— 60 ¢ - ~
L i 4 & 20 T\\E‘
o 50 y i p 24 LIL =T
ge; K 7 4 ] '
E I' E I'
g 40 E ‘;‘ a ‘f’
o K o | d | - oieed 15 O
= 30 - : u
a - 2
- o, L7 Long term cooling
20 "' ._ 10 ; i ......r — P H T
» L 1E-3 0.01 0.1 1
10 2 Ll e e Cooling rate (°C/min)
i P 115.?5 ~1Pa_ 358 Wppm, ﬁ_os% i

Collaboration for long-term cooling experiment is
welcome

00 10 20 30 40 50 60 70 80 90 100
Estimated RHF (%)

Employed parameters:

Ogacire = 0.12]/m?, 045 = 0.16]/m?, kg = 7.5 x 10~ m

Notable advancement in modeling by incorporating directly measured microstructural parameters
(interface, grain size, hydride shape, nucleation site density, etc):

The ideal texture & interface treatment gives ~1.8 Gpa for threshold stress (Qin et al., Acta Materialia,
2011). The current model mechanistically captures key sensitivities. )5




3. Mechanical integrity analysis of hydrided Zircaloy




Image analysis for mechanical integrity of hydrided Zircaloy

--

143.7 wppm / 18 MPa RHCP=0.902 SED=4 J/m RHF = 47.3%

--

522.4 wppm / 18 MPa RHCP =0.883 gED=12J/m RHF = 15.9%

<OM, RHF, RHCP images for applied pressure of 18 MPa: (a) low total hydrogen case of
143.7 wppm, (b) high total hydrogen case of 522.4 wppm>




RHF (>5%) is a powerful metric to predict SED

‘ ' ' 1 O RHF<5% (a) I I " BeE R g "
—> RHF=5% A RHF>5% (H>80wppm) ; PR ; P e
— — —Exponential Fitting SRS L . LA
A RHF>5% (H<30wppm) : < ~ S . SRSt
¥ 23 1 ¥ o % €
- A A LD of , AR P i
35 % A ARA ] ~ e s oy N v o oy
! i ‘ "\ 5 o % A ‘ A < 2
— . __k_" A3 ) # ¢
._E_ ’ § i . ¢ S
2 ™ ; At < ; A
= 025 o 1 19.1 wppm / 13 MPa RHF = 27.5%
w | b EICER Koo 4 i *
Z A | WP e i
‘ oh e N : i N 3 .
\ T e B Y S o
A\ = b £ x i o~ g
¥ '"
7 ¥ i 28 Y gt
s . ; 'flf.
%MM_&_ i o) g X @
5 10 15 20 25 30 35 40 45 50 o /’13 MP DL e 5
a'' m a = b
RHF (%) e
<SED change with RHF> <Extremely low H concentration specimens>

» Radial Hydride Fraction (RHF) is a powerful metric for the strength for RHF > 5%.

 However, radial hydrides in an unconnected morphology (H < 30wppm) has limited
effect on material strength.



Fracture mechanics relevant to radial hydride length

® Fracture Mechanics Approach: Treating the maximum radial hydride as the pre-existing

flaw
* For cladding tube with uniformly distributed maximum radial hydrides,

(lg max: Maximum length of radial H & p,: Critical load for the major load drop)

lH max > Pc [ ( lH max ) ]
146.77 exp (—2.06a . = —1.61lexp| —7.48— + 2.45
Othick Vo Othick Othick
Fracture toughness [! Stress intensity factor (8!

of Zircaloy with 100% radial hydrides for the compressively loaded ring with a single radial crack

0.45

ncentration < 30 wppm

04 L ncentration > 80 wppm

» SED associated with a major load drop of
fairly elastic material:

035 L

03 L

025 L

1 1 g
SED ~ - ped, ~ 5P 5o
1 2 0.15 |
SED ~ |— , o
A exp(BlH,max) +C exp(DlH,max) 005 |

Maximum length of radial hydride (zm)
* Cladding tube with radial hydrides obeys the classical fracture mechanics and radial hydrides play
as the critical flaw.

[7] Gopalan et al., Effect of radial hydride on room temperature fracture toughness of Zr-2.5 Nb pressure tube material, J Nucl Mater, 2021.
[8] Grandt et al., Two dimensional stress intensity factor solutions for radially cracked rings. AIR FORCE MATERIALS LAB WRIGHT-PATTERSON AFB OH, 1975.



Effect of radial hydride on mechanical property

=  Uniaxial tensile test
130

120 _
110
100 -
90 ]

80

SED (MPa)

| <SED vs. Hydrogen content>2l
- Uniaxial tensile tests

70

60 [+ —— All specimens

--0-- 0 MPa Se
50 | -0--90 MPa - - -
—A— 150 MPa

1 . 1 f | L L | L | L |

0O 100 200 300 400 500 600 700 800 900
Hydrogen Content (wppm)

40

* The same effect with circumferential hydrides on uniaxial SED: Having almost the identical
interface hence misfit strain as we confirmed from the EBSD analysis, radial hydrides and
circumferential hydrides exhibit the same influence on the SED of hydrided Zircaloy
subjected to uniaxial tension along Z direction.

[1] Dahyeon Woo, Youho Lee, Understanding the mechanical integrity of Zircaloy cladding with various radial and circumferential hydride morphologies via image analysis, Journal of
Nuclear Materials, 2023. (Submitted, under review)

[2] Shinhyo Bang, Ho-a Kim, Jae-soo Noh, Donguk Kim, Kyunghwan Keum, Youho Lee. Temperature-dependent axial mechanical properties of Zircaloy-4 with various hydrogen amounts 33
and hydride orientations, Nuclear Engineering and Technology, 54 (5) 1579-1587, 2022.



Conclusion and pathforward: Multi-scale approach

Microscopic scale Component scale Cask-system scale

T o
@
~ - ﬁ
Sl Yol
EBSD of reactor Advanced A Mechanical GIFT-COBRA SFS
grade hydrided RHF model Properties of Coupling
Zircaloy Hydrided Zircaloy
RHF or H,4q max ! Strength or ductility

o —

f(Microstructure, Drystorage history) = g(RHF,H4q max, H)

=S Microstructure brystorage histor) I
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Conclusion and pathforward

<Extracting mechanical properties from RCT using ABAQUS-ISIGHT Optimization Solver>

F

Load, N

—

Load, N

Displacement, mm

<Ring Compression Test> <Experimental Curve>

Experimental Curve

—— Predicted Curve

2
28 simuLia

ABAQUS
pzj st

Displacement, mm

<Predicted Curve>

<GIFT-COBRA SFS Integrated Code Platform and Implementation of Hydrided Zircaloy model>

-
[ Simulation start )

Fortran — C++ h
GIFT . COBRA-SFS
connection module
| - N 2.0@ ) A
- < Taa(2), 4(z
Normal operation High fidelity fuel cled\2), 4 High fidelity Thermal analysis
S'mulat‘c’n simulation module

chad (Z), Tfoalﬂnt (Z)

Pellet temperature Cladding strain
Fission gas release Hydrogen

Gap information

Dry Storage start )

1

COBRA-SFS
simulation

Channel area,
Pitch, View factor
calculation

Cladding stress

J/

\

/

I n'" node

. . n-1'" node
GIFT simulation

2" node
1* node
\S

( Simulation end

module

Flow information
Slab temperature

2/
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Ongoing research efforts: Integrating multi-scale

understanding and analysis tools

Microscopic scale
Microscopic scale

[

f

/J_/
ol

Component scale

Component scale
p=

- VY
* EBSD * Ring compression test
* JEMBSD *  MeRhad EaiiprRsidietest
 TEM * Mechanical properties
( GIFT Fortran = Ct+ COBRA-SFS )
connection module
e R 4 )

High fidelity fuel

T ctad(2), G(2)

High fidelity Thermal analysis

simulation module

Pellet temperature Cladding strain
Fission gas release Hydrogen
Cladding stress Gap information

‘—_\\_

module

T1ad(2), Teootant(2)
Flow information
Channel area, Slab temperature
Pitch, View factor

calculation

D

o~
L
1011
L1

O
socooopopeces

Cask-system scale
Cask-system scale

 COBRA-SFS
* GIFEOBRA-SFS
e GIFT
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Motivation for fuel-TH coupled analysis for extended dry
storage

= |mproved discharge burnup and extended dry storage require more sophisticated
predictions of nuclear fuel conditions during dry storage.

Fuel analysis Thermal analysis
. Predict precise fuel behavior on full-cycle. . Calculate accurate heat/temperature.
. Use simplified temperature as an input. . Use simplified fuel information as an input.

(" Fuel — thermal integrated analysis

Zr0; layer
Cladding
Gap

RN

Fuel pellet
uelp Power, oxide thickness
Cladding deformation

Zr(, temperature

GIFT COBRA-SFS

Improve prediction accuracy of fuel behavior and temperature based on full-cycle simulation.

Detailed status of spent fuel can be tracked based on burnup dependent realistic information.
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GIFT/COBRA-SFS integration scheme

= GIFT - C++ based fuel analysis code with spent fuel module

Properties Detailed features in spent fuel period

Pellet swelling["

a-decay induced pellet swelling after discharge

Fission and decay gas releasel'l

Suppressed fission and decay gas release under 1000 K

Axial hydrogen migration!

Hydrogen prediction considering phase change and diffusion.

Cladding creep

EDF creep model, considering grain boundary sliding

= Flowchart of Integrated code

C Simulation start )

Normal operation
simulation

l

C Dry Storage start

—

COBRA-SFS
simulation

GIFT simulation

( Simulation end )

N

4 A
Fortran — C++
GIFT . COBRA-SFS
connection module
- ™ . 4 )
. . . rclad(z)' q(Z) i . . :
High fidelity fuel High fidelity Thermal analysis
simulation module module
Tc[ad (Z): Tcaalant (Z)
Pellet temperature Cladding strain Flow information
Fission gas release Hydrogen Channel area, Slab temperature
Cladding stress Gap information Pitch, View factor
calculation
\ .
nt" node \
n-1t" node
2" node /
1% nod
k\ noae j \ /)

[1] Dahyeon Woo, Youho Lee, Spent fuel simulation during dry storage via enhancement of FRAPCON-4.0: Comparison between PWR and SMR and discharge burnup effect, Nucl. Eng. and Tech., Volume 54, Issue 12, 2022, 4499-4513
[2] Chansoo Lee, Youho Lee, Simulation of hydrogen diffusion along the axial direction in zirconium cladding tube during dry storage, J. of Nucl. Mater., Volume 579, 2023
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GIFT/COBRA-SFS integrated code results

= Dry storage simulation condition
Fuel rod and dry cask information used in simulation 400 | | _2gmmftgngvet Sforalge il-?'Y-
- —_— gU, Wet storage |
Assembly, cladding type WE 17x17 LOPAR, ZIRLO e a5 —gg Wﬂfigﬂ Ver: s:orage g.sY I
2 gU, Wet storage
BUd [MWd/ng] 50 55 60 65 70 g‘- 500 r —— 70 MWd/kgU, Wet storage 5.75 Y ||
U-235 enrichment [%] 4.2 4.5 4.95 5.5 6 pgg 250 |
2
Decay heat ORIGEN data 3 0
B 200
Cask type TN-24P ° i
T 150 ]
Assembly decay heat Same decay heat applied for all assemblies o i £~
100 5 10 15 20 25 30 35 40
Time (year)
= Dry storage simulation thermal analysis result
T T T T T T T T T T T
300 o Separated analysis| After 30 years
| o |Integrated analysis | Axial locaton=22m |
<
o 380 AXEA
2
& o b8 - R
o) S %o 09 ©
o © o o °© o
E 370 o o %
o) e v
= & ° ° f%
0] ° % )
c o e o o
c ° ) ]
® °
£ 360 - _
) ° °
° °
° °
350 L | | | | L
-80 -60 -40 20 0 20 40 60 80

Position (cm)
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GIFT/COBRA-SFS integrated code results

= Dry storage simulation spent fuel analysis result

Cladding hoop stress (MPa)

Hydrogen concentration (wppm)
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| Current NRC hoop stress limit 90 MPa
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65 MWd/kgU, 400 C
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| | 1 | | | | |
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- T P e e il il il il il i A
| -
>
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- H ]
i/
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===
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| 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
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i —— 55 MWd/kgU, 400 C |
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0.8 =
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L~ ~ -
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1 | 1 | 1 | 1 | 1 | 1 | ' | '
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Safety envelope of extended dry storage

= Dry storage simulation spent fuel analysis result

—_—
QU
~—

)

Initial dry storage PCT (C

. Safe area . Cladding recrystallization area

Radiation annealing, Creep strain > 1% . Cladding failure
500

475
450
425 S
400

375

350

50 70

55 60 65
Discharge bumup (MWd/kgU)
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Conclusion

Microscopic Level Component Level Cask Level
Y
/JJ
e’ -
J—,.
* EBSD * Ring compression test * COBRA-SFS
e TEM * Mechanical properties e GIFT

——_— » | Spent nuclear fuel safety

& Regulatory implication

Dry storage start temperature (°C)

65 70 75
Discharge burnup (MWd/kgU)
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Prediction of hoop mechanical properties

= Background and Methodology

F

Experimental Curve
Predicted Curve

Load, N

Load, N

=

Displacement, mm Displacement, mm

<Ring Compression Test> <Experimental Curve>

2%
DS SIMULIA
Isight

<Predicted Curve>

* Load displacement curve can be obtained from RCT.

Hoop mechanical properties of the cladding cannot be obtained directly from the RCT.

This research aims in obtaining the hoop mechanical properties via the RCT and Finite
Element Analysis (FEA).

Optimum predicted curve (k, ¢, n) is based on the iteration method by using ABAQUS
and ISIGHT.



Prediction of hoop mechanical properties

= Extracting the hoop mechanical properties

Fracture Stress

%
/Wj‘ure Point

Yield Strength

Stress (MPa)
—¢

Maximum Plasticity Maximum Plasticity Strain
Strain Point (Fracture Strain)
Strain
<Optimized modeled fractured specimen in Abaqus> <Predicted Stress Strain Curve>

e Strain energy density (SED) can be obtained via the integration of internal
energy over the whole specimen then be divided by the specimen length.

* Fracture is assumed to occur at the point of maximum plasticity strain.

* The plasticity stress strain curve was calculated by the strain hardening model
o= k(gy + )" [1-3].

[1] DeRuntzJr, J.A. and P.G. HODGE JR, Crushing of a tube between rigid plates. 1962, ILLINOIS INST OF TECH CHICAGO.
[2] Nemat-Alla, M., Reproducing hoop stress—strain behavior for tubular material using lateral compression test. International Journal of Mechanical Sciences, 2003. 45(4): p. 605-621.
[3] Reddy, T.Y.and S. Reid, On obtaining material properties from the ring compression test. Nuclear Engineering and Design, 1979. 52(2): p. 257-263.



Prediction of hoop mechanical properties

= Result for specimens without radial H

SED and fracture strain decreases with the H concentration while yield strength
and fracture stress do not have a strong correlation with the H concentration.

0 200 400 600 800 1000 1200 1400 1600

H Concentration, wppm

<Fracture Strain>
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Hydride-induced embrittlement mechanisms

=  Embrittlement mechanisms in hydrided Zirconium

@ Intrinsic brittleness of hydrides
- Fracture toughness: ZrH (~1 MPa-m'/2) < Zr (~40 MPa-m?/2) [3]

@ Volume change due to hydride precipitation

- The §-hydride that was fabricated from a-zirconium exhibits numerous inner cracks

due to the large volume change. 4

® Interface mismatch
- Lattice mismatch between a-zirconium and é-hydride occurs.

—~—
[y
[y
[y
-
4
4

FCC-ZrH | “ ¢ Q N “ . “
_————i- U € € L
//\ ¢ / A LN «
@—% € ©
AN
{0001} _
HCP - Zr KIS @

Coherent interface
{111}//{0001}

[3] Yu-lJie Jia et al., Mechanisms of Hydride Nucleation, Growth, Reorientation, and Embrittlement in Zirconium: A Review, Materials, 2023.

[4] Hiroaki Muta et al., Effect of hydrogenation conditions on the microstructure and mechanical properties of zirconium hydrides, Journal of Nuclear Materials, 2018.
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Ongoing research using HR-TEM

= HR-TEM Interface analysis
<18 MPa Radial H>

7P

Whhktitul

&

G

* Interface can be observed in atomic order using HR-TEM analysis method.

50



Interface analysis in summary

[m] Key findings of EBSD analysis [m] Key findings of TEM analysis

1. No significant interface difference 1. Interface plane was different in
between circumferential and radial circumferential and radial hydrides.
hydrides. 2. Lack of data, yet it is predicted that

2. There are no strongly preferred there will be no unified interface
interface plane in both cases. plane in analyzed hydrides.

3. The analyzed planes exhibited large
scatter.

No significant difference in hydride-Zr matirx interface energy
between circumferential and radial hydrides.

Q. No significant difference in solubility between
circumferential/radial hydrides ?
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Supplementary: Interface in HCP

= Two angle information from HCP interface plane

e Cutting angle in
basal plane
* Min:0°/Max:30°

Cutting angle in basal plane (°)
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Supplementary: OR Analysis in EBSD

= OR analysis in EBSD
» Angle between HCP {0001} and FCC {111} in each interface.
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Microstructural Characterization:
Foundation of understanding hydride using EBSD & TEM

#1. Modeling hydride reorientation

» Traditional misfit strain assumption
: Circumferential hydride — Basal plane
Radial hydride — Prismatic plane

® Is it applicable to the reactor-grade Zirconium
cladding ?

#2. Understanding axial mechanical strength

“Interface /

Microstructure -—
Characterization"\ |

» Effect on axial mechanical strength
: Circumferential hydrides = Radial hydrides

® What is the essential difference in terms of the
dissolution energy ?

#3. Understanding solubility

» Some countries experience extremes in temperature
due to environmental factors
: Effect of thermal cycling (repeated freeze-thaw cycles)
Repeated dissolution and precipitation of hydrides

® Is there any difference in solubility of radial
hydride ?
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Orientation relationship and interface

= Orientation Relationship
@{1010}
—

\ \<41§10>

» |nterface

OR HCP FCC
Plane Parallel {1010} {110}
Direction Parallel <1210> <110>

* Theinterface separates two different phases that can have different crystal structures.

{1010} // {110}

{0001} // {001}

<1210>// <110>

<1210>//<110>
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Introduction

= Since spent nuclear fuel is a kind of High Level Radioactive Waste, it is important
to successfully remove decay heat and radiation.

<Circumferential hydride>

/0] ® O

o Vacuum drying
(Regulatory limit = 400°C)

<Radial hydride>

Cladding temperature (°C)

v

Time (year)

(@ Steady-state operating (2 Wet storage
® Interim (Dry) storage @ Permanent disposal

= As cladding cools down from 400°C, hydrogen precipitation occurs during dry storage.

= Hydrides precipitate in radial direction rather than circumferential direction due to applied
stress higher than a threshold hoop stress.
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Dissolution energy and solubility analysis

= Sample preparation

1. ~4mm ring specimen 2. Cut into 4 sub-specimens 3. Polish the bottom plane

|
~0.5 mm
~4 mm - —| -
\/ I Polish
1
|

= Determining H contencentration

<Exemplary result of DSC — Heating> <Cross-validation of H concentration>
02 T T T T 1000 T T T |\
O  Circumferential S|°
900 | A 18 MPa Radial X'\'c’
0.18 - — 3
2 800
0.16 ;-%' 700 +
= TSSD (°C) 3 ©
= £ 600
s 0.14 3
E T 500 F 2
Q 0.12 ki
a ® 400 T
3
5 8
Cowo
0.08 - o
100
006 1 L 1 1 1 0 Il Il Il Il Il Il 1 1 Il
200 250 300 350 400 450 500 0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C) OH-P measured H content (wppm)
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28™ International QUENCH Workshop

J. Bertsch
PSI

Hydrogen diffusion and precipitation in fuel cladding under stress, at
various temperatures and under the influence of a liner, using neutron
imaging

At the hot surface of nuclear fuel rods being operated in a light water reactor, water is dissociated, whereas
the oxygen leads to oxidation, and a certain fraction of hydrogen is picked up. The hydrogen diffuses freely
in the Zr-alloy cladding. When the solubility limit is reached, the hydrogen forms a hydrogen-metal
compound, hydrides, which are brittle. Of interest are the location and morphology of hydrides, possible
hydrides accumulations, and the driving forces which lead to respective hydrides arrangements. A high
hydrides concentration and/or a disadvantageous orientation of hydrides lead to a deterioration of the
mechanical properties of the cladding.

There are four driving forces for hydrogen diffusion, (i) the concentration gradient (diffusion from high to
low hydrogen concentration), (ii) a temperature gradient (diffusion from areas with higher temperature to
those with lower temperature), (iii) a stress gradient (diffusion from areas with lower tensile stress to those
with higher stress), and (iv) the gradient of electrochemical potential (e.g. different adjacent materials,
different hydrogen solubilities).

In the present work examples are shown for the hydrogen relocation under a stress gradient, for cladding
material with a gradient of the electrochemical potential having a so-called liner, and under different
cooling conditions. Claddings can have an inner or outer liner. Those with an outer liner are used in
pressurized water reactors, and the liner shall improve the corrosion resistance. Claddings with an inner
liner are applied in boiling water reactors, and the liner mitigates effects of pellet-cladding interaction (PCl).
The liner, in contrast to the cladding substrate, is a bit softer, has a somewhat purer Zr-alloy and typically
larger grains. Its thickness is a couple of tens of micrometers. In post-irradiation examinations, the liner
often shows a high concentration of hydrides, i.e., the liner acts as hydrogen / hydrides sink.

An excellent method to visualize the hydrogen or hydrides distribution in a cladding is neutron imaging (NI)
because hydrogen attenuates neutrons much stronger than zirconium. We have performed NI using PSI’s
neutron microscope, applied to cladding sections in axial direction with a length of 4-5 mm. The spatial
resolution of the NI is below 10 microns, the concentration resolution for hydrogen is about few tens of
wppm. The claddings tested for this work exhibit integral hydrogen concentrations of several hundred
wppm.

Examples shown are the diffusion of hydrogen towards the liner as function of cooling rate. An additionally
applied stress leads to reduced or increased hydrogen precipitation in the liner close to its interface with
the substrate, depending on whether the stress gradient works in line with the hydrogen-attracting liner or
inversely. The orientation and reorientation of the hydrides platelets is also determined. Further, examples
of so-called Delayed Hydride Cracking (DHC) are shown, whereas an inner liner slows down the crack
propagation rate of an outside-inside crack because of holding back of hydrogen in the liner. Finally, the
stress induced hydrogen relocation can be seen in ring compression creep tests, giving hints for creep
modelling. For the examples, the hydrogen concentration distribution could be mapped and quantified.
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(1= Hydrogen in Cladding

Hydrogen
Where does it go and what Where does it settle and how
does it do? — solid solution Zr +2 H,0 > ZrO, + 2 H, does it look like? — precipitation
e Diffusion Hydride e Temperature development

e Solubility limit

I——— Concentration gradient

— Temperature gradient * Microstructure, texture

— Stress gradient * Stress

— Electrochem. potential gradient / !’ressureq — Orientation
(material, microstructure, TSSP) ;?;:iise — Location and DHC

e

products +
tempe-

Qrature
o g

Not yet very well understood is tfapped hydrogen, neither at
higher temperatures (solid solution) nor in the form of hydrides.
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(1= We are interested in ...

Hydrogen
Solid solution / Diffusion Precipitation / Hydrides
* Stress * Stress
« Temperature (time)  Temperature (time)
* Liner * Liner

= Hydrides characteristiques
(where, how much, how do they look like, ...?)
= Neutron imaging
= Synchrotron investigations
= Metallography

Delayed Hydride
Hydrogen redistribution Hydrides reorientation CraZking (yDHC)
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= Neutron imaging

Neutron Imaging Image Quantification
Various beam (n-microscopy resolution < 10 pum)
lines at PSI / / YT Ar "Liner | Substrate AT
/ (EE Y I I
|\\ > ' § " i i |
P f § 0o :
n-beam () > | 4 | r' 8° :
! § o8 I
\ : %:) 0.7 H f : :
Attenuation L ‘\\ 06
coefficient for neutrons \ \ WY
‘\ 900 800 700 600 500 400 300 200 100 0 -100

Distance from inner surface (um)

— transmittance
500 MM
>0.98 <0.7
1.0

X
=
=

o
w©
L

o
=5
1

Hydrogen concentration

Neutron transmittance, T(x,y}

]

—2mm

0.7

T T T T T T
0 500 1000 1500 2000 2500
Measured H concentration (wppm)
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all 200 wppm hydrogen

108
0Ts

W. Gong, P. Trtik, A.W. Colldeweih, L.I. Duarte, M. Grosse, E. Lehmann,
J. Bertsch; JNM, 526 (2019) 151757
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all 200 wppm hydrogen

Hydrogen redistribution

. = 90 °C/h, 206 wppm
! = 30 °C/h, 206 wppm
1500 1 = 15°C/h, 211 wppm —
[ . '- = 0.3°C/h, 210 wppm
i 5: - = quenched, 199 wppm

1000 |

500 |

H concentration (wplﬁm)

W. Gong, P. Trtik, A.W. Colldeweih, L.I. Duarte, M. Grosse, E. Lehmann, gl
J. Bertsch; JNM, 526 (2019) 151757 0 s

-100 0 100 200 300 400 500

Distance from interface (um)
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Double half cylinder test

Hydrogen redistribution

F/2 (N)
F/2 (N)

F/2 (N)
F/2 (N)

O. Yetik et al, Influence of Irradiation Damage and Thermomechanical Treatments
on the Hydride Distribution in Zirconium-Based Nuclear Fuel Claddings, E-MRS 2023
fall meeting, 18-21 Sept 2023, Warsaw, Poland

Stress distribution

Substrate

Liner

S

Tensile stress
in the liner

X

y

Compressive stress
in the liner
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Load and temperature curves

Hydrogen redistribution

Load (N)

250 N

time

O. Yetik et al, Influence of Irradiation Damage and Thermomechanical Treatments
on the Hydride Distribution in Zirconium-Based Nuclear Fuel Claddings, E-MRS 2023
fall meeting, 18-21 Sept 2023, Warsaw, Poland

Hydrogen driving forces

Ao

Substrate

Liner
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----- Before test After test
’é Substrate Liner 0.97
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Before test After test
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We had earlier performed hydrides reorientation tests, also with
cycling, not very much considering the effect of the liner (the result

was as expected with a reorientation threshold of about 75 Mpa).
Heat treatment 400°C, cooling 30°C/h

(faster than the slow cooling tests)

We took the images for 200 wppm hydrogen (full dissolution at the
first cycle) again and looked separately at the different regions of the
cladding, i.e. liner under tension and liner under compression
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H concentration
200 wppm

1 cycle
T, = 400°C
AT, =30°C/h

1.05

0.95

ooling

0.85
0.75

Hydrides reorientation

W. Gong, P. Trtik, F. Ma, Y. Jia, J. Li, J. Bertsch,
Hydrogen diffusion and precipitation under
non-uniform stress in duplex zirconium
nuclear fuel cladding investigated by high-
resolution neutron imaging, JNM 570 substrate
(2022) 153971

no stress /| inner side tension,
reference radial hydrides

liner under tension,
circumferential hydrides in

500 pm
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H concentration
200 wppm 1.05
0.95
0.85
Hydrides reorientation 0.75

* more hydrogen in liner | * Less but distinct
radial hydrides

1 cycle
T, = 400°C
AT ooling = 30°C/h

3x cycling

————r

Less hydrides in substrate

e Share of radial hydrides in
substrate seem to decrease:
Does cycling promote repre-
cipitation of cicrcumferential
hydrides? Are radial hydrides
less «persistent»?

* Liner — Perhaps

back-diffusion of |
hydrogen from liner |
inner part towards
interface

e Radial hydrides occur in liner.

— ————

W. Gong, P. Trtik, F. Ma, Y. Jia, J. Li, J. Bertsch,
Hydrogen diffusion and precipitation under
non-uniform stress in duplex zirconium
nuclear fuel cladding investigated by high-
resolution neutron imaging, JNM 570 substrate

no stress /| inner side tension, liner under tension,

500 pm : . . . : :
reference radial hydrides circumferential hydrides in

(2022) 153971
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Delayed Hydride

Cracking (DHC) Universal mechar;it-:al

- testing machine :
~ = y-Shielding

= o-box (low pressure
‘inside) |

= highly radioactive sambles
up to 750° C
= long-distance microscopes|
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Delayed Hydride
Cracking (DHC)

500 pm

A. Colldeweih et al.; presented at ASTM 2022, 20th International Symposium on Zirconium in the Nuclear
Industry, Ottawa

with inner liner (total concentration ~320 wppm H)
T eee—— 000

A. Colldeweih et al.; Journal of Nuclear Materials 561 (2022) 153549
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Diego Sanchez, Ring Compression Creep Testing
for Zircaloy Claddings, Master Thesis,
EPFL, Aug 2023

NODAL SOLUTION

STEP=1

SUB =8
TIME=.1

sY (BVG)
RSYS=1

DMX =.206605
SMN =-363.917
SMX =331.88

-363.917
-286

T———
U

NAnsys

2022R1
APR 24 2023
14:11:38

NODAL SOLUTION
STEP=2

SUB =35
TIME=3.11781
sY (AVG)
RSYS=1

DMX =1.56972
SMN =-266.461
SMX =260.114

MX

*

APR 24 2023

nsys|

2022R1

14:15:46

NODAL SOLUTION
STEP=2

SUB =243
TIME=23.9178
sY (AVG)
RSYS=1

DMX =5.96603
SMN =-198.266
SMX =177.818

(

-198.266

Is it possible to make a simple creep test applicable in a hotlab?
* Creep laws can be established according to the different stages.

* Assesment of the creep is difficult because of combined tension and

compression at given circumferential positions, like equator or pole.

L e—

P N

*

-114.692

-31.1176
-72.9047

52.4565
10.6694

94.2436

))

136.031
177.818

(

-142.012

-112.948

X
*
-
-
*
83.8845 -25.7573 32.3699
-54.8209 3.30628 61.4335

90.4971

119.561
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11111

>>>>>
;;;;;;

equ.

radius

* Low intensity = high amout of hydrogen
* Redistribution from compression to tensile

» Softening due to hydroge is not (yet) in the model.

Relative inter

neutron image of 200 wppm hydrogen
sample with region of interest
(equator), angular integration

Diego Sanchez, Ring Compression Creep Testing
for Zircaloy Claddings, Master Thesis,
EPFL, Aug 2023

0.90 ~

0.85 -

0.80 ~

— equator
——- m =-0.0218
0.759| __ pole
-—- m = 0.037
0.70 4 . . . . . . .
3.5 4.0 45 5.0 5.5 6.0 6.5

Distance from center (mm)

Relative intensity (transmission) of
integrated neutron image, at equator
and pole, 200 wppm hydrogen
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(1= Some further ideas?

Hydrogen redistribution Learn more about the diffusion and precipitation kinetics and locations

Dissolution / reprecipitation of radial hydrides

Hydrides reorientation _ _ _ _
Y (differences in «memory effect» or in hysteresis)

Delayed Hydride

Cracking (DHC) DHC with outer liner

Creep Active samples
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(= Wir schaffen Wissen — heute fiir morgen

Take away messages:

= Several relevant driving forces for hydrogen
diffusion and precipitation

= Neutron radiography is excellent tool for hydrogen
detection and quatification

= Examples Hydrogen Redistribution, Hydrides
Reorientation, DHC and Creep

My thanks go to
= swissnuclear
= PS| Hot Laboratory

= SINQ and Applied Materials Group (LNS, NUM)
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28™ International QUENCH Workshop

K. Frederick
Westinghouse

Accident tolerant fuel: Cr coated cladding development at Westinghouse

In response to the nuclear industry’s desire for longer coping times following the Fukushima accident
in Japan in 2011, Westinghouse’s EnCorel@* accident tolerant fuel (ATF) program, is developing and
commercializing an advanced fuel cladding and fuel pellet with the main goals of improving safety and
economic performance. The program is a two-pathway approach, cladding and fuel, with each
pathway having an intermediate product and long-term product; both of which are in testing and
development phases. The cladding pathway will be the emphasis of this presentation as it is directly
tied to the QUENCH testing being performed by KIT. The chrome coated cladding is undergoing testing
in various settings and at various facilities. LTR and LTAs campaigns are currently underway with utility
partners. These campaigns provide real-world data on the performance of the coating. Supporting
testing at both the Westinghouse Churchill and Columbia facilities are occurring in parallel to provide
valuable results in the development of the design and specification of the chrome coating.

This material is based upon work supported by the Department of Energy under Award Number DE-NEO009033.

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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The following material is based upon work supported by the United
Stated Department of Energy under Award Number DE-NE0009033

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government or any agency thereof.
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Outline

« Westinghouse EnCore® Fuel Program
 LTAand LTR Status
» Coated Cladding Testing

2"d Test ATF-Quench Program

ADOPT, EnCore, AXIOM, ZIRLO, Optimized Zirlo are trademarks or registered trademarks of Westinghouse Electric Company LLC, its affiliates and/or its subsidiaries in the United States of America and may be registered in other countries throughout the
world. SiGA is a registered trademark of General Atomics, its affiliates and/or its subsidiaries in the United States of America and may be registered in other countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited. Other
names may be trademarks of their respective owners.
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Westinghouse’s EnCore® Fuel Program

The EnCore® Fuel program is developing and commercializing advanced fuel

products to improve safety and economic performance

Chromium-Coated Zr SiGA® Silicon Carbide
Advanced Cladding Cladding (SiC) Composite

Cladding
*Cr-Coated Zr — increases safety &
operational margin, may enable high
burnup

*Silicon Carbide Cladding — safety

and operational benefits
ATF Product Evolution

Uranlum Nitride
Advanced Fuel ADOPT Pellets (UN) Pellets

ADOPT fuel pellets — higher density

*Advanced Pellet (UN) - benefits to
fuel cycle costs, may support high
burnup, thermal properties, and
lower operating temperatures

U'SN Fuel

Photo courtesy of Los Alamos National Lab

-
@ westlnghouse Westinghouse Non-Proprietary Class 3 | © 2023 Westinghouse Electric Company LLC. All Rights Reserved.

(Step 1: ~68 GWd/MTU for rods that do |

not rupture in a LOCA or experience

KDNB beyond 62 GWd/MTU

(Step 2: Entire core to ~75 GWd/MTU
\with enrichment increase




J LTR Status




Lead Test Rod/Assembly (LTR/A) campaigns with utility
partners provide critical data to support fuel qualification

High High
Density Enriched
Pellets Pellets

Byron Unit 2 V \/ V [ Byron 2 LTAs: As-Fabricated } [Pellet Inspections]

Cr Coated ADOPT
Cladding Pellets

(2019)
Doel Unit 4 V V
(2020)
Vogtle Unit 2
(Manufacturing V V
Underway)

EDF LTRs EnCore LTRs l
(Manufacturing ?

Underway)

-
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Commercial reactor testing confirms excellent performance
of Westinghouse ATF products

I} FA U72¥, Face Half Face
w P ¥
i i

« Byron 1st and 2" cycle visuals, rod
extraction with rod length,
fiberscope profilometry, and eddy
current

* Hot cell examination of 1st burned
rods underway. 2" burned rods
shipping to hot cell 2023.

EOC 1 EOC 2

Doel 2"d Cycle poolside exam was
in Spring 23

Operating for 3 cycle

ATF rods appear "pristine” with
excellent coating adherence
and little indication of crud.

Doel Unit 4 LTRs ] [ Byron Unit 2 LTRs ]

B Cr Coated Rods

8

@ westlnghouse Westinghouse Non-Proprietary Class 3 | © 2023 Westinghouse Electric Company LLC. All Rights Reserved.



Hot cell examinations of one cycle irradiated EnCore®
Cr coated rods confirm excellent fuel performance

3 ATF and 4 high burnup rods received mid-2021

Excellent cold sprayed Cr coating integrity
with complete protection of substrate

Credit: ORNL Photographer Carlos Jones

-
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Hydride Etched metallography shows no unfavorable hydride
orientations or rim

e — ~4in above coating
g f HPU: 26 £ 1 ppm ;
T - £
g -2 ~1in above coating PSS v
£ Ja HPU: 30 = 5 ppm o R SR R i A "‘i |
[l L R ER AN A SRR O SRSt e U
& at transition ~0.08in into coating ik "’L’:E’iﬂi:le_’_ ke £ St 1; ¥k,
i : e e el e I e e e NG e et e
HPU: 20 + 3 ppm fl,::__?aq,;.,‘.__.;g;‘ﬁ}%_:ﬁz e e iy
~2in into coating, ~0.4in above blanket - A e 1.1:3f47__¢~??fj;,-f;ig_;,;' ofen *"‘ o
HPU: 11 + 1 ppm '. Jﬁ*%:mj}f d%gr,, ""t'
s well into coating, ~4in above peak corrosion T "-""'-It-’,:‘f R
% location for an uncoated rod ] &
- HPU: 24 + 26 ppm & 16 £ 7 ppm i
g q%a well into coating, near peak corrosion location
3 for an uncoated rod
& HPU: 19 + 3 ppm
&
Shipment of 2" cycle rods to INL hotcells planned for Q4 2023
Reactivity Insertion Accident and ramp testing planned at INL in 2024-2025
Simplified fuel

rod schematic
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Helium and nitrogen cold spray both result in highly dense
coatings

Helium Cold Spray Nitrogen Cold Spray

-
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NCS demonstrated similar adhesion with no delamination,
the same as HeCS

 Cracking of the coating begins
to occur around ~3% strain

* [ncrease in elastic modulus
and tensile strength
« ~25% and ~12% respectively

-
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Cr coated samples significantly improve balloon and burst
performance

200 psi (1.4 Mpa) 800 psi (5.5 Mpa) 1800 psi (12.4 Mpa)

-~ - .

« Reduced circumferential strain
* Reduced burst opening size
 Increased burst temperature

L]
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Cr coating protects cladding at high temperatures in steam
and retains ductility

Test Conditions: 1200°C for 525 seconds
Samples intentionally hydrided

!. == I

Offset | Break Peak
Sample | Strain | Load | Displacement
(%) (1bf) (mil)
Uncoated | 1.96 72.25 19.85
Cr Coated | 34.27 | 89.90 145.80

Zr Substrate

-
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Confirmatory testing to support licensing and understanding
of benefits is ongoing

 Fatigue Testing

» Corrosion Studies

* High Temperature Oxidation
* Ring Compression Testing

 Ultra-High Temperature
Testing

* DNB Testing
 Burst Testing
* PIE Analysis

-
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Projected test parameters for a severe accident are planned

* Max Temperature

« 1550 °C

 Heat Rate
* 10 °C/min

* Quench at 1550 °C

@ Westinghouse

30 2100
ng
20 1500
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= g
e -
o o
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Westinghouse Non-Proprietary Class 3 | © 2023 Westinghouse Electric Company LLC. All Rights Reserved.
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Samples were shipped to KIT and testing is planned for
March/April 2024

* Tubes
30 full length tubes (~2.5m in length)

« Chromium cold spray coating
* NCS and HeCS tubes

 Grids
* 17x17 grid construction
« Standard mid-grid

-
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28™ International QUENCH Workshop

Y. Lee
SNU

Exploring safety limits of Cr-coated ATF cladding using separate effect and
integral LOCA experiments

This talk presents experimental investigation on the safety limits of Cr-coated Zircaloy. Post quench
ductility assessments were conducted on steam oxidized Cr-coated Zircaloy in compliance with the U.S
NRC's test protocols. The test results demonstrate that the single-side (inner wall) ECR limit of ~19%
can conservatively serve as the lower envelope of various Cr-coated modern-Zircaloy claddings. The
microstructural analysis was conducted to explore the mechanism behind the loss of Cr coating
protectiveness. The evidence of oxygen ingression through grain boundaries of Cr coating which led to
the formation of ZrO, was observed. The loss of Cr protectiveness has limited significance to the Design
Basis Accident (DBA) limit; loss of cladding ductility via the inner wall oxidation occurs before
appreciable loss of Cr coating protectiveness. The safety analysis with the obtained DBA limit result
reveals that potential burnup uprate with the modern Zircaloy (i.e., HANA-6 or M5) is comparable to
that of Cr-coated ATF. This is because accident tolerance mainly comes from steady-state corrosion
resistance, and modern Zircaloy alloys exhibit desirable steady-state corrosion resistance to ensure
post-quench ductility in postulated DBAs. The allowable discharge burnup limit will be likely to be
determined by the concerns surrounding Fuel Fragmentation Relocation and Dispersal (FFRD) issue.
The fuel dispersal experiments with the Seoul National University’s i-LOCA facility are presented,
highlighting the sensitivity of post-burst cladding strains with respect to the azimuthal temperature
distribution which is affected by the type of the inner fuel surrogates (i.e., pellet or powder types). The
result indicates that the dispersal fraction would undergo a dramatic variation in the range of fuel
burnup of 60 — 90 MWd/kgU.
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1. Separate effect safety limit studies: PQD limit and loss of

coating protection




Post-Quench ductility near the burst hole: a key DBA limit

) Exacerbated embrittlement near the burst region

: > @ Inner side oxidation

» @ Thinning of the wall
. AVVCP,double
ECRdouble—sided = C* S

avg,deformed

@ + @ also take place for Cr-coated cladding

'NUREG 2119, U.S NRC: “No exception in the burst hole”
F..ring compression data to limit oxidation is applied
uniformly to the entire rod, with the provisions for the
balloon outlined in the existing rule to use the average wall
thickness in the rupture region to calculate the CP-ECR...;

ATF-1SG-2020-01, U.S NRC:
"..Hence, the applicability of the 17% ECR analytical limit,

more generally, the use of maximum local oxidation as a
surrogate SAFDL for cladding is questionable ...;




Experimental procedure:

simulated LOCA experiment

Rodless
Air Slide

Radiant
Furnace
(¥
Quartz tube

Y

Temperature (°C)

Steam
Collector

Steam

Generator -~ = . ¢
II \ b
: o<
Specimen s - .
+ Thermocouple . " Quenching
Nt Water
Hot plate ~

Sample holder

-:Length:8mm
-Various claddings

-Cladding OD: 9.5mm
-Thickness: 0.57mm

Specimen temperature
measured with attached
K-type thermocouple

Four specimens were oxidized at a same time and

thermocouple was attached to one of the four specimens.

1400

1200

1000

800

600

400

200

LI T T T | LM T
1 1 1
1 1 1
1 1 1
- 1 —
1
1
e Oxidation time N\ i
) O\
1 1
1
- 1 -
1
Cooling |«
_ : i
: E [4— Quenching 1
(| 1
(l 1
1 1
- I I -
(l 1
! ] 1 ] 1 ] 1 | IuL—‘I——i_
0 500 1000 1500 2000 2500 3000
Time (sec)
NRC'’s protocol SNU
0.8~30 )
Steam flowrate [me/cm?s] 3.94 [mg/cm?s]
Cooling rate o Ao
(1200°c-800°c) | 2L/ 274 L]
Weight
measurement 0.0001 [g] 0.00001 [g]
resolution

* The experimental procedure conducted by
SNU conforms to the NRC’s protocol.




Experimental procedure: Ring Compression Test (RCT)

Thermocouple <.

Load (kN)

Radiant
Furnace
1

K-type

! Thermocouple
1

1

Com -
1
\
\
\
\\
040 - T * Displacement rate : 0.033 mm/s
0.35 | 5 A * Temperature of specimens : 135+3°C
0.30 -_ é§®% Load drop(>30%)l,'—> b INSTRON 8516 (|Oad Ce” 10 kN)
oas | g /! ) * Through wall crack : steep load drop (>30%)
ool g’ ,’I i * The experimental procedure conducted by
' b ] SNU conforms to the NRC'’s protocol.
0.15 | ) 4
010 | ,'l ]
0.05 - Offset strain /I, 7]
000 1 1 1 1 1 1 lu 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Displacement (mm)



Regulatory limit (ECCS criteria) exploration for Cr-coated ATFs

<Zircaloy-4

Offset strain (%)

offset strain validation with U.S NRC data>

30 T T T T
¢ Zr-4[SNU]
©  Zr-4 [NUREG 6967] |]
25 + B
20 + B
15 L Trend line |
From U.S.NRC
10 |+ -
Ductile |
5L i
Brittle
0 | L | | 1 | 1 | L
0 5 10 15 17% 20 25 30

CP-ECR (%)

<Cr and Cr/CrN coating on Opt.ZIRLO™ base material>
30 T T T T T T

Offset strain (%)

T T T
‘\ \ O Optin ZIRLO™ (5=0 57mm)
. \ O Crcoated(18.8um) Optin ZIRLO™ (6=0.57mm)
\\ ‘\ u] O CriCrN coated(20.1/7.3um) Optin ZIRLO™ (5=0.57mm
o
25 | otk oo -
N \ A
Nally B A
A \
@\ 2
\ \
20 |- A ‘o T
W [= IR
\
s, g 0 Lo
\
15 |- N N -
vy O \
vy O \
A g
n 8 \
= X -
10 % h 3
goy \
B E{u o, 0o i
\ I:I\I._.l .
5 0 peY " Ductile
E Brittle
i ]
o AR s | ~ 0O
0 ] L 1 ) 1 . L~ 3, 1 A3
0 5 10 15 20 25 30

WG-ECR (%)

Offset strain (%)

Offset strain (%)

<Cr coating on Zircaloy-4 base material>

30 T T T T T T T T
‘\ ‘ D Zicaloy-4 (6=0.75mm)
\ Cr coated(9.2um) Zicaloy-4 (5=0.75mm) 1
25 Y e
\
\
.
20 | . -
\
15 F i z
\
\
AY
A
10 | i, O —
E\\ a
\\
5L : I:I\EI Ductlle_
Duetile-Brittle T ransition(U §.NRO) Brittle
0 ] 1 L 1 1 ) |‘ M- N
0 5 10 15 20 25 30
WG-ECR (%)
<Cr coating on HANA-6 base material>
30 — G ——
o h O HANA-6 (5=0.57mm)
\ E:P o D Cr coated(8.9um) HANA-6 (3=0.57mm)
0,85 o0 | o crooated(19.0um) HANAG (5=0.57mm)
25 - = \ P\ -
‘\ O
[P
‘gﬂn\
20 | AL .
W i m
1 5Y \
VA
15 |- 0.8 4B i
I:I‘ N m\
pog,
0 \\ \
10 | o N .
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u% Dy E:E o
) d-:ﬂu )
5k nu Ductile |
Brittle
a o
0 1 1 la'| ‘g -
0 10 15 20 25 30
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PQD limits of various Cr coated ATF in summary

Substrate Coating Method ECR limit Provider
Bare cladding 23% KNF(KOREA) @}
HANA-6 -
cladding Cr (8.9 [um]) AIP(400°C 1) 19% KNF(KOREA) 7@}
(17x17) P
Cr (19.0 [um]) AIP(400°C 1) 22% KNF(KOREA) (@
Zircaloy-4 Bare cladding 20% KIT(Germany) -
(14x14) Cr (9.2 [um]) Magnetron(400°C | ) 15% KIT(Germany) -
Bare cladding 24% CTU(Czech) h
Optimized ° 0
ZIRLO™ Cr (18.8 [um]) Magnetron(400°C | ) 20% CTU(Czech) h
(17x17)
Cr/CrN (20.1/7.3 [um]) | Magnetron(400°C |) | 19% CTU(Czech) |
Zircaloy-4 Bare cladding 17% MIT(USA) EE=
r(39.6 [um old spray o e
(17X17) Cr(39.6 [um]) | Ccold (400°C |) 14% MIT(USA) EEE=

*ECR limit for Cr-coated ATF is based on single-side oxidation

Tests were
conducted at
SNU under the
ongoing IAEA
CRP for ATF

* Compared to conventional cladding, the Cr coating results in a reduction of ductility, leading to a
decrease of the DTB limit by 1-5%, on average 3%.

* Ductility decrease after Cr coating is independent of the coating method.



Mechanisms for premature ductile to brittle transition of
post-LOCA Cr-coated cladding under RCT

Uncoated HANA-6

Load drop
crack position

|

iR

Cr-coated HANA-6

= Load drop
§ Initial crack postion

l

. _ _— _ -
s i " -
—— A —— el N > - - - -

crack position \e

<Change of major load drop through-wall
crack position>

displacement = 0.4mm

IUEm

Cr »

«ZxCr,

O

Cl‘zosj'" Increased O(wt%)
"4 beneath ZrCr,

Resin

Compression

-

Enind
Tengion

I Locln of

maximum
l tensile stress

R
<Stress fields during RCT>




PQD Limits of Cr coated ATF (Modern Zircaloy base materials)

1 1 ) 1 I 1 I 1 I 1 !
2 S —— Unceated Optin ZINoZ0 ______ __ . —
Uncoated HANA-6

Cr-coated(19.0pnm) HANA-6
Cr-coated(18.8pum)

Optin Zirlo™

N N

o N

«—
—>

M5, U.S.NRC [20] Cr-coated(8.9m) HANA-6

-
(00)

Lowest envelope
obtained from tested
modern(Optin Zirlo™, -
HANA-6) Cr-coated
(8.9-19.0pm) claddings

A A a4 A
o N OB~ O

Embrittlement oxidation limit (%)
o

»

4 . 5 ! 1 - o + » 1 4 1 4 1 4 1 4 1

O 50 100 150 200 250 300 350 400 450 500 550 600
Hydrogen Content (wppm)

* This may imply that we can just use the current ECR limit (18%) of one-sided
oxidation for the bounding limit Cr-coated Zircaloy.
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Loss of coating protection during extended steam oxidation

50 T
! ! !
* Setaram TGA coupled with steam generator Cr coated (16pm) Zr-1.1Nb
Cr coated (22.5um) Zr-Nb-Sn
40 Cr/CrN coated (23.1/11.0um) Zr-Nb-Sn| _|
2 30f
<
©
(o))
E) 20 |
2 /
10 ///
-
1(’I;e;:;::ure from parabolic growth
0 1 1 1 1 1 |
0 100 200 300 400
Time [min]

<In-situ weight gain at 1200 °C, oxidized only at outer surface>

500

Specimen Transition time | Transition CP-ECR | Peak weight gain rate
[min] [%] [mg/min]
Cr/CrN coated Zr-Nb-Sn 395 72.9 ~0.13
Cr coated(22.5 um) Zr-Nb-Sn 128 41.5 0.14
Cr coated(16 ym) Zr-1.1Nb 94 357 0.39

11



Quick look at the transition time and post loss of protection
weight gain rate

11 1 1 1 ' | o ' ' ' ' ' ]
400 __ O Cr/CrN coated (23.1/11.0um) Zr-Nb-Sn Nh
i O Crcoated (22.5um) Zr-Nb-Sn O 14 O Cr/CrN coated (23.1/11.0um) Zr-Nb-Sn|-
A Crcoated (16um) Zr-1.1Nb IS O Crcoated (22.5um) 2r-Nb-Sn
350 o ted (8um) Ze1 1Nb € 12 iy A Crcoated (16pum) Zr-1.1Nb L
_ | [ © Crcoated (8um) Zr-1. > (o) O Crcoated (8um) Zr-1.1Nb
E 300 £ ‘o I
‘o 250 % L ~50% of bare (uncoated) Zircaloy rate |
£ I c 08 at the same steam oxidation i
c 200 |- - ‘T
.0 o
= - T < 06
@ 150 =)
E L (o} o A
= 100 A E 0.4 s
©
50 . D 0.2
I o Transition time for 17% CP-ECR | i o) n]
0 ---I---l---l ------ o T o T o 1 7 00 1 1 1 1 1 1 1 | 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Total thickness (5. +5,) [um] Total thickness (5. +5,) [um]
<Transition time w.r.t coating thickness> <The maximum post loss of protection

weight gain rate>
* Transition time linearly increases with coating thickness for Cr/Zircaloy case.
* The maximum post-weight gain rate decreases with the initial coating thickness.

* |t is remarkable to note the maximum post-weight gain rate reaches up to a significant

fraction of the bare Zircaloy rate.
12



Phenomenological complexities and modeling frame work for
updating TRANOX for Cr-Zr-O system

Mechanistic model for the loss of
Cr coating protectiveness

T

Oxygen
ingression
model in
Cr coating

Site density for
intergranular Zr diffusion in Cr

Instantaneous
Cr thickness

Transient

; t Cr coating
:_oit'"g (rmmmmmmmm el e recrystalli
thickiess <—I Fabrication effect zation

model

------------------------- model

Loss of Cr mass to Loss of Cr mass to . .
Cr,03 Zr matrix Cr grain d_tanS{ty
change with time

Cr coating oxidation exp & model Cr diffusion to base materlal Cr coating recrystallization investigation
— ) .

“ % _
ZiCr, layer

£F e ZrCr,
50 um ; p_rec\pllale

Completed. Pending submission D.Kim, Y.Lee. Surface & Coatings
Technology (2023)

Completed. Pending submission
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TEM&TKD analysis for Cr-coated specimen oxidized at
1200 °C for 105min (after protection loss)

* Sign of strong tensile stresses near Zr0,: The elastic stress fields near the Zr0, may
lower the local chemical potential, thereby accelerating the oxygen diffusion along the

grain _boundaries via steeper diffusion potential gradient. This may hold a clue to
understanding the eccentrically fast oxygen diffusion across the Cr thickness upon the
loss of its protection. 1




TEM&TKD analysis for Cr-coated specimen oxidized at

1200 °C for 30min (protective)

Cr grain

Cr grain

Cr grain
Cr grain

200 nm

* Sign of oxygen ingression through Cr grain boundary and early formation of Zr0,:
Zr0, formation may occur before Zr reaches the top surface (Cr,03). Zr may pick up
oxygen from the Cr,05; present in the grain boundaries and becomes Zr0, along its

way to the top. .



Tentative understanding of Cr coating safety limits

) N\ ! 4 N [
Ballooning & Inner wall e Losg of Eutectic
N = Cr-diffusion coating e )
burst oxidation : melting
protection
/ N\ - NG
- Extended Transition to Eutectic
FFRBD L érm(t())r ?ttJIre%r:gazt ZrCr, double side embrittlement*
Ua embrittlement oxidation (no collapse)
Tentative understanding: Once it happens
, . o at >1310°C, no
eXtenSion I|m|t|ng Slde OXIdatlon ) ~10 m|.nS to be ~>15.‘le, it ShOUId be expected
factor appreciable. requires The ceiling of
— o 2
PCT =1204°C , ~10 mins at possible PCT limits.
(2200F) Modeling 1200 °C. No fuel structural

capability ready.

collapse with oxygen

y 3

DBA-relevant
(i.e., ECCS Criteria
10 CFR 50.46)

v
y 3

>

BDBA progression-relevant

(DEC condition)
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2. Implications of safety limits of ATFs on burnup extension

and integral LOCA experiments




Applying the Cr-coated limits for DBA safety analyses

e Oxidation (ECR) Limits

Uncoated Zr-based alloys:

AW,
ECRaoupie—sidgea = 87.8 * AR

- 5 _ _ZrOZ_ Metal substrate consumed = ECR ;¢ (H)
thinning,avg \ “cladding 1 56| by pre-transient oxidation

T T [Pilling Bedworth ratio =1.56] f(?u)
. I ) i.e.3.8% for
Cladding thinning factor Metal substrate thickness after 6(0MWd/I: u)
due ballooning (average wall pre-transient oxidation g
thickness reduction factor) w o
" I\ Provious 10GFRS046 Limit gt
§ ' ©17x17 Low-Sn Zry-4
g M Brittie £10x10 Zr-lined Zry-2
Cr-coated Zr-based alloys: - , —
AWCP sinale g w0 63GWdit m 3 A17X17 M5
ECRsingie-sidea = 87.8 * — > 18% I >
Fthinning,avg cladding 5 6 70 GWart \\#\
Assumption: pre-transient consumption of metal E : \'
substrate via steady-state corrosion is nil. ; ———
[ PCT Limits Hydrogen Content (wppm)

Uncoated Zr-based alloys: 1204°C

Cr coated HANA-6 alloy
Uncoated HANA-6 alloy |

8 = 462 [um]

Cr-coated Zr-based alloys: 1204°C 5 = 393 [um]

Fthinning,avg = 0.69

Fthinning,avg =081

F thinning,avg 18




Crucial importance of steady-state corrosion resistance

160

140 —ZIRLO
r— i - M5 /
% 120 Cr-coated HANA-6 /
$ 100
()
0 i
S 80 //
< i
g 60 //
X 5
M, /
© I / |
()
2 - — -]
74——//
0

0 10 20 30 40 50 60 70 80 90

Average discharge burnup [MWd/kgU]

Accident tolerance comes from steady state corrosion resistance: Steady-state
corrosion resistance is a key performance metric that has direct ramifications on
accident safety margin. Suppression of steady-state corrosion and resulting
hydrogen pickup directly increases safety margin (i.e., ECR margin) of limiting
DBA cases (i.e., LBLOCA).
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CP-ECR [%]

Oxide thickness [um]

Investigating the allowable discharge burnup with modern

Zircaloy and Cr-coated ATF (APR-1400)

160

140

120

100

60

40

80

20

<Zirlo> <Modern Zircaloy (HANA-6, M5)> <Cr-coated ATF>
T Y T T T T J T Y 20 T Y T T T T T T Y 20 T Y T T T J T
[ 1 | || e Corrected CP-ECR 1 [
- ---0--- Corrected CP-ECR E 18 | ‘ ° - M 18 4 7
I e ] I ECR limit (U.S NRC DG-1263)|] I
ECR limit (U.S NRC DG-1263) \A\ i
— - : . 16— NN ! ! - 16 1 ---0--- Corrected CP-ECR |
- \ 1 - ! e - ! ECR limit (SNU)
L , - 14 | i , - 14 i , -
L ] L L I
- 4 =12 : s — s - T 12 : : : e
= 1 Wait.. Modern Zircaloy = | Origin of so-called
- 1 - o : =] 1 i Origi - 1
9 1 1 is quite accident 9 1 ! g
i ’ 14 °f | tol t " 1d °f i accident tolerance ]
g 70MWd/kgU ] & o[ itolerantas well. CHN S | ]
] I H . I
L | I | | 4L . 4 1 -
Y L SRR S 00 L o* -------------- ©-nnnneen “@nneeennn @neen @ e@rrnnn-® L ;
] ] 2r ] 2o e = e e N
| 1 0 | 1 | 0 | 1 |
0 20 40 60 80 100 0 20 40 60 80 10( 0 20 40 60 80 100
Average discharge burnup [MWd/kgU] Average discharge burnup [MWd/kgU] Average discharge burnup [MWd/kgU]
LBLOCA safety analysis (MARS)
T T T T T T T T T 160 T T H T T T ' 160 v T T T
[ | --e--Cladding Oxide Thickness o2 ] 140 | ~—©--Cladding Oxide Thickness ] [ | --e--Cladding Oxide Thickness
—— Steady state limit(100um) ’ | | —— Steady state limit(100um) 140 — Steady state limit(100um) i
- / 4 120 E
; | 120 J
L G 4 E 100 - i g 100 ]
I / ] § “r 1 8 wf }
_ 70MWd/kgU | ¢ | g 8or
i { £ eof 18 o _
e - <
. o . IS [
r "‘@’ T E 40 7 8 40 4
o O 5
L ad 4 20 — P P e ol ]
B ? . . . . 7 or ? ________ | . | ! ] 0 - O mmmmmmmmmmmeeee ©--nnn-n ©------- ©----Q-mm-@----0
0 20 40 60 80 100 0 20 40 60 80 100 6 glo 4|0 6.0 8.0 100

Average discharge burnup [MWd/kgU]

Average discharge burnup [MWd/kgU]

Average discharge burnup [MWd/kgU]

Steady-state fuel simulation (GIFT, developed by SNU)



Insight into the attainable performance of ATFs
Then, what will be the

key limiting factor for
fuel burnup increase ?

<60Mwd/
kgU

Old-Zircaloys (Zircaloy-4)  Today’s Zircaloy (Zirlo) Modern Zircaloys
(M5 or HANA-6)

or Cr-coated ATFs
e Key implications:
1. Modern Zircaloys may be as accident tolerant as Cr-coated ATFs.

2. Accident tolerance comes from steady-state corrosion resistance. Modern

Zircaloy is quite corrosion—resistant under the typical LWR operating
conditions.

3. Value of ATF needs to be addressed from the viewpoint of effective
suppression on hydrogen production at certain temperature range.

4. Cladding has done its job; burnup extension is contingent upon FFRD. 21
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Integral LOCA experiment at Seoul National University (i-LOCA facility)

i

- ] =

e N

<Schematic of LOCA procedure>

Steam Oxidation

o
= 8
| B .
:f Ar purging ®
1= &
:f stabilization
==
o B
=3
£ Lv—
> ',E“‘" Ballooning&Burst
=N (~800°C)
. E ] |
- = Speed x10

<Digital camera> <IR camera>



Integral LOCA experiment at Seoul National University (i-LOCA facility)

1-9050+: +0.000 ms

<Digital cémera> <High speed video camera>



Temperature validation of facility

IR camera

Pyrometer #1

— Cladding Temperature
................ IR camera measurement |

RS

1300

I
§
5
X
\
\ s
1 1 1 1 1 “‘KM:‘
o o o o o o o
o o o o o o o
N ~ o 0] [e0] N~ (o]
Temperature(C)

Oxide thickness(um)

Oxide thickness measurement & calculation

-

40

30

20

10

[ ]SEM measurement
Il Calculated with pyrometer temperature
Il Caiculated with IR temperature

#2
Pyrometer position

Oxide thickness calculated with
temperature profile of pyrometer and
IR camera were consistent with SEM

measurement 25



Surrogate pellets to study dispersal behavior

* Surrogate Zr0O, powder/powder mixture simulating fragmented pellets

@ Cylinder Pellet

Bu < 60 GWd/MTU
(d=8.192mm)
Packing fraction : 96%

(@ Mixed Powder Pellet

Bu = 68 GWd/MTU
(d=0.3,1,2,3,5 mm
with the same mass fraction)
Packing fraction : 62.5%

o 228 4
A o B Te s P

1 <Referring to the fuel size

/| distribution of Studsvik LOCA

| Program (Burnup 60~75
GWd/MTU)>

) Single Powder Pellet
Bu >80 GWd/MTU
(d=0.5mm)

Packing fraction : 62.1%>

<Powder loading
into the cladding>

26



Experimental test matrix

Rod cold void volume : 30 cm?

Heating rate : 70-80 °C/s

Powder pellet zoning length : 30 cm

Cladding : ZIRLO, HANA-6 (Zr-1.1Nb), Cr-coated HANA-6 (16um, AIP)

Rod internal pressure

ZIRLO
1 MPa 3 MPa 5 MPa 7 MPa
Cylinder f 2 ea 2 ea 2 0a 5 en
pellet 4
Mixed
powder ?/ 2ea 2ea 2ea 2 ea
Single 2 ea 3ea 3ea 1ea
powder T\
HANA-6 Rod internal pressure
&
Cr-coated
HANA-6 1 MPa 3 MPa 5 MPa 7 MPa
Cylinder |/~ ©
pellet K %: 1ea 1ea 1ea 1ea
Single 1ea 1ea 1 en foa
powder

Burst Area

30cm

27



Post-burst characterization using 3D scanner:
Burst Genome projects

10 bar

30 bar

50 bar

70 bar




SNU burst result comparison with references

Burst Temperature(C)

1400

1300 [
1200 [
1100 [
1000 -
900 [
800 -
700 [
600 [
500 [

400

Burst temperature comparison with
surrogate pellet inserted data

+ & o0 X %

SNU r
Gap 0.07mm [NUREG-0344] | |
Gap 0.5mm [NUREG-0344]
Gap 0.2mm [NUREG-0344]
No pellet [NUREG-0344]

esults

o

6

8

10

Burst Pressure(MPa)

12

14

16

Engineering Burst Stress(MPa)

200

Engineering burst stress
comparison with reported data

180

160

T

T 4 T ! T 4 T

140

120

Burst stress with heating rate

*

*

o

+

70-80°C/s [SNU]

20-25C/s [NUREG-0344,0630]
25-30C/s [NUREG-0344,0630]
30+C/s [NUREG-0344,0630]

28C/s [FRAPTRAN]

I

100

80

60

40

20

i i,

600

700

800

900

1000 1100 1200 1300

Burst Temperature(C)

Burst temperature and engineering stress showed slightly higher results in SNU

Considering the higher heating rate in SNU, the difference is acceptable

1400

29



Burst behavior for the different pellet types

Rod pressure 1 MPa, cold void volume 30cm3

<Cylinder pellet> <Single powder>

i X

[-10732+: +0.000 ms [-10312+: +0.000 ms

e Cladding is heated more uniformly and deform larger with single powder



ZIRLO post-burst characterization results

60
<ZIRLO 3 MPa burst results>

(o))
()]

Cylinder
pellet

N
(&)

Burst circumference (mm)
w
(&)

w
o

N
(6)]

(o)
o
)

—&— Cylinder pellet (ZIRLO)

—A— Mixed powder (ZIRLO) | |

—6— Single powder (ZIRLO)

N
o

Initial ¢

adding

circumference

2

3

4

5 6 7

Initial Pressure (MPa)

- Burst geometry was clearly different depending on the types of pellet

- Type of pellet seemed to have greater effect on burst geometry than rod pressure.




Burst behavior is sensitive to Azimuthal T affected by the
pellet type

ZIRLO 3 MPa burst results

e ——— W —— ———

pellot  —— e —

1.8 1 A o\
Mixed : [ | » EGC-CDAP-5379 Azimuthal temperature
16 | ® NUREG-0630 . . .
powder F | x Nureg/CR-D344 ) uniformity |creases
14_} FRAPTRAN1.4 28°Cls x % L ¥
“F |— NUREG-0630 Fast *
1.2 4
- ” "E
Single =R
powder Wa—— -l =
S os
S
[11]
0.6
0.4
0.2
0 t i t t + t t i
800 Q00 1000 1100 1200 1300 1400 1500 1600 1700}
Burst Temperature, K

The size and distribution of fragmented fuel have
a significant effect on burst behavior




Dispersal behavior for the different pellet types

Rod pressure 1 MPa, cold void volume 30cm?

<Mixed powder> <Single powder>
—
- I
‘ L i | 8 »......‘--—-
“= .
——
I-7661+: +0.000 ms -6207+: +0.000 ms

» Single powder is more dispersed compared to mixed powder



Dispersal behavior for various rod pressures

Single powder case, cold void volume 30cm?

<1 MPa> <3 MPa> <5 MPa> <7 MPa>

[ 1 ‘ | | 4 . [ , || . n
: " -—-T""‘ 4 ——
A ot A

I-4511+: +0.000 ms 1-5002+: +0.000 ms 1-4901+: +0.000 ms 1-4493+: +0.000 ms

* The higher the rod pressure, the more particles were dispersed



Fuel dispersal results

160 I N
90 L| & Mixed powder
: o Single powder §
80
20 - Q Segment Bu: ~80MWd/kgU
L I 0
60 ?
§e; I
& 50
L 40 !
©
% I
o 30
o R
52
a 20 Q . A
. Segment Bu: ~68MWd/kgU
10
- A
0 A % \
0 1 2 3 4 5 6 7

Initial Pressure(MPa)



Cr coating influence on burst geometry and resulting fuel
dispersal

60 L) ) ) ) ) ' ] l ) l
—0O— Cylinder pellet (HANA)
55 Y —O— Cylinder pellet (Cr-HANA) | |
N - A~ Single powder (HANA)
— s - v- Single powder (Cr-HANA) | T
E 50 N\ T . T T |
S
()
2 45
o
2
E 40
S
2
2 35
&
@
30
Initial cladding circumference
25 1 A A 1 1 1 1 2
0 1 2 3 4 5 6 7 8

Initial Pressure (MPa)
- Little burst circumference difference was observed with Cr-coated cladding

- Type of pellet have greater effect on burst geometry than coating effect.




Post-LOCA cladding embrittlement characterization

Oxide Thickness (um)

120

100

80

60

40

20

Rod pressure 5 MPa, cold void volume 30cm3

<HANA>

<Cr-coated HANA (16pum) >

— ; —— 3000

—O— Inner oxide layer i
—oO— Hydrogen concentration
L -1 2500

-0
a— 2000

n -1 1500

= - 1000
[u]
i / l \ ]
— 0, — 500
/

Hydrogen concentration(wppm)

i TN

L A A 007 L4 A dg

-5 -4 -3 -2 -1 0 1 2 3 4 5

Position(cm)

between coated and uncoated cladding

Oxide Thickness (um)

120

100

80

60

40
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—O— Inner oxide layer

—0oO— Hydrogen concentration ]
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=y PN

\\\/
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°7L°\
f

L
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Position(cm)

0

1

Inner side oxidation and secondary hydriding behavior showed little difference

Inner side oxidation was limited to +4cm from the burst hole, consistent with

U.S.NRC ECCS evaluation models (appendix K to part 50)

3000

N
a
o
o

2000

1500

1000

500

)

Hydrogen concentration(wppm
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Extent of inner oxidation and secondary hydride formation w.r.t to
burst hole size

Rod pressure 3 MPa, cold void volume 30cm3

<Mixed Powder> <Single powder>
120 L L e L L L S S N 3000 120 ! T T T T LA L LA S R 3000
—O— Inner oxide layer | | —O— Inner oxide layer i
—0oO— Hydrogen concentration —o0— Hydrogen concentration
100 . . v 42500 —~ 100 ] 2500 —~
£ o
o
— g o \
E 80 q 2000 & £ 7 - 2000
~ o d
(2} - 1)) - 4
o / \ o o /J o
c 60 1500 € c 60 £\ 1500
3 \R 8 i
< o c < r O 1
2 A - / vy
o 40 / 1000 © o 40 1000
© c ]
X L A i S % L .
o / o O
T | @ o
o d e i = T
0 oA A A L L A A A 0 0 A A L L L L A A 0
-5 -4 -3 2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 3 4 5

Position(cm)

« The larger the hole, the larger the inner oxidation and secondary hydride formation

Hydrogen concentration(wppm



Post-oxidation characterization : weight gain results

Weight gain (mg)

Surface coating crack after ballooning & burst

0.50

0.45

0.40

0.35
0.30

0.25

0.20

0.15 _ £
- Undeformed Cr

(double side steam oxidation)

0.10

0.05

0.00
0 10

(wri)ssauybnol soeung

oL

Coating

cracks

Post-burst steam oxidation tests: separate double side oxidation tests with cut burst parts
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Conclusion : key deliverables

1. Origin of accident tolerance
» Accident Tolerance comes from steady-state corrosion resistance and
resulting decrease in hydrogen pickup.

* Modern Zircaloy (i.e., HANA-6, M5) seems to be the earlier version of
Accident Tolerant Fuels.

2. Fuel ballooning and burst
« Post-burst geometry is sensitive to cold-void volume, and azimuthal
temperature gradient which is affected by type of pellet inserts: some level
of unification to reality is needed for cross-comparison of international
benchmark programs.

« The prevailing treatment of dispersal fraction (50% or 100%) is excessively
conservative

3. What’s next ?
» Untapped potential of burnup extension for LEU+ (5-10% enrichment)/Modern
Zircaloy or ATF fueled FFRD-free SMRs.



Thank you for your attention!



Global FFRD research

Public hearing about
ECCS safety criteria I

1973 I
1980

INL/USA PB F

0~17.66 GWd/MTU 1978-1983

FR-2

1978-1983

KIT/GERMANY
0~36.52 GWd/MTU

PNL/USA
0 GWd/MTU

PNL/NRU

1981-1982

PHEBUS

1982-1984

IRSN/FRANCE
0 GWd/MTU

CEA/FRANCE

1990

1.65~51.7 GWd/MTU

ANL/USA

2000 2010 2020
Low Burnup < 62 GWd/MTU
@ High Burnup > 62 GWd/MTU

- On-going FFRD experiment

FLASH

1990

ANL LOCA

56 GWd/MTU

OECD/20 countries

2002-2003

HALDEN

44~92 GWd/MTU

NRC/USA

2005-2017

STUDSVIK

55.2~72.6 GWd/MTU

OECD/15 countries

2009-2011

STUDSVIK SCIP I

42.5~76 GWd/MTU

ORNL/USA

2014-2018

STUDSVIK SCIP IV

69~77 GWd/MTU

ORNL/USA

2014-2018

ORNL

69~77 GWd/MTU
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QT model

+

2019~
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v’ .
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28™ International QUENCH Workshop

A. Charbal
CEA

Study of chromium coating (on zirconium based-cladding substrate)
cracking under thermomechanical loadings

The ongoing research and development of enhanced accident tolerant fuel (EATF) claddings has
provided various solutions and potential candidates [1]. Chromium coatings deposited on zirconium-
based cladding by PVD [2]-[6] have been shown to give clear improvements in Loss-of-Coolant
Accident (LOCA) conditions, providing additional coping time before reaching quenching and post-
qguenching embrittlement and potential loss of cladding integrity.

The cladding during normal or hypothetical accidental situations could undergo small to large
deformations. The mechanical response of the chromium coating varies depending on its thickness, its
microstructural state and the testing temperature (among other parameters). Coating damage (e.g.,
cracking and spallation) during thermomechanical loading needs to be further studied and quantified.
Thus, this presentation will illustrate some CEA’s experimental approaches to investigate such
phenomenon, under nominal or hypothetical accidental scenarios.

Crack monitoring by acoustic emission (AE) during tensile test as-coated material at temperatures
between 20°C and 350°C has proven to be an efficient and simple method to implement [2]. Results
have shown good agreements with strain fields obtained from digital image correlation [7] or optical
observations. AE techniques provides satisfactory results and could, in the future, be integrated to
mechanical testing performed in “hot cells”. Meanwhile preliminary results on neutron irradiated Cr-
coated claddings (2dpa) at 330°C has shown promising results toward the remaining ductility of the
protective layer. Indeed, post-mortem analyses highlighted no crack formation below ~2% of
circumferential strains [8].

In LOCA scenarios, chromium-coated cladding exhibits higher ductility. Even in cases of significant
ballooning and cladding rupture, negligible cracking and no coating spallation has been observed in
many cases [6]. Post-mortem analyses such as metallographic observations or X-Ray tomography help
to determine the correlation between the crack density and circumferential deformation.

Acknowledgment: The presented works have been supported by the CEA-EDF-FRAMATOME
“Innovation COMBustible” project. Special thanks to Stéphane Valance (CEA), Edouard Pouillier &
Antoine Ambard (EDF), Thomas Garnier, Thorsten Marlaud and Karl Buchanan (FRAMATOME) for their
fruitful feedbacks and corrections.
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Study of chromium coating (on zirconium based-cladding
substrate) cracking under thermomechanical loadings™™

A. Charbal, J-C. Brachet, Y. Taibi, V.D. Nguyen, G. Touze, J.P. Bonthonneau, M. Dumerval, L., M.
Bono, T-H. Pham, Gelebart, E. Rouesne, C. Lorrette, F. Bernachy-Barbe, M. Le Saux, E. Pons, J.-L.
Flament and A. Sarrazin

* The presented works are supported by the CEA-EDF-FRAMATOME triparty “Innovation COMBustible” project.
** M5 and M5¢,maiome @re trademarks or registered trademarks of Framatome or its affiliates in the United States or other countries



PVD-HiPIMS Cr coating on zirconium based-cladding substrate &

High density and thickness uniformity + strong adherence

HIPIMS PVD process

Brachet et al., 2017, WRFPM

Investigated chromium coating thickness range: 5-30 um

Zirconium alloy substrate:
Diameter 9.5 mm
Wall thickness 0.580 mm

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 2



PVD-HiPIMS Cr coating on zirconium based-cladding substrate
High density and thickness uniformity + strong adherence

HIPIMS PVD process

Brachet et al., 2017, WRFPM

« Investigated chromium coating thickness range: 5-30 ym

« Zirconium alloy substrate:
Diameter 9.5 mm
Wall thickness 0.580 mm

@ 28th International QUENCH-Workshop, KIT

High Temperature performances (LOCA)

Dumerval et al., 2018, Top Fuel Brachet et al., 2020, Corr. Sc.
Uncoated M5
o 140
<< O<1*C/s @ 21°C/s 80
£ o
£ 120
F 13000 s
] Zircaloy-4
£2100 oo % 1300°C .-
£E g0 . ) A S
s o P s | 1] e
£ = # / s | | e
“EE 60 ‘,’ . ® . -E- o e No longer protective coating
s = L - - s | |l | sgesssssases _—
g ) 40 - ’,z g 30 Transition Cr-coa ted
= 5 o %,‘ G—— Zircaloy-4
s & e . = 2 Protecti ting
= . -
EE 20 ”~ S ———— >
% E - M‘\ o
== 0
0
0 20 WO 50 We LA 50 um Crcoated M5 0 1000 2000 3000 4000 5000 6000

Maximum circumferential deformation to rupture

of uncoated reference M5 (A,,%) Oxidation time at 1300°C (s)

Strengthening effect upon HT incursion + internal pressure
—> Decrease in balloon size

Oxidation kinetics and associated gaseous H, production,
strongly reduced

Enhanced quenching and post-quenching resistance

Dec. 05th, 2023 2



PVD-HiPIMS Cr coating on zirconium based-cladding substrate &

High density and thickness uniformity + strong adherence

1300°C

< Properties are process dependent

<+ Good mastering of deposition process is key for obtaining chosen
microstructure/properties

.| %+ Results cannot be generalized to any Cr coating deposition processes

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 2



Cr coating on zirconium based-cladding subsftrate
Impact of coating damage on performance?

- Cr-coating damage in nominal conditions and possible
consequences?

- Damage could be generated during in-service / post-service
conditions.

« Possibility to create localized area favorable for accelerated
corrosion/hydriding and/or coating spallation?

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023
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Cr coating on zirconium based-cladding subsftrate
How the enhanced performances could be affected by coating damage?

consequences?
- Damage could be generated during in-service / post-service
conditions.

« Possibility to create localized area favorable for accelerated
corrosion/hydriding and/or coating spallation?

- Cr-coating damage during LOCA (and other hypothetical
accident scenarios) and possible consequences?
« Ballooning of cladding can damage the Cr-coating

« What are the consequences of cladding ballooning and burst on
the coating's protectiveness of the coating upon further high
temperature oxidation?

@ 28th International QUENCH-Workshop, KIT

Brachet et al.,

- Cr-coating damaged in nominal conditions and possible 2w

*2-sided

e,

Locally  partially protective 1-sided  Fully protective

ECR (cracked) coating ECR (uncracked) coating

Quter Cr,0, scale FEserack

e g
AIEEEEEEEERE NS NEAEEEEEEEEED

Residual m_etall'ic'Cimlayg[;
s, o T ¥ il

Dec. 05th, 2023 3



Cr coating on zirconium based-cladding subsftrate
How the enhanced performances could be affected by coating damage?

Need for a better understanding & quantification of the Cr-coating damage
in both nominal and hypothetical accident scenarii (LOCA & beyond, RIA...)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023



Scope of the presentation

- Focus on CEA'’s current work on Cr-coating cracking under thermomechanical sollicitations:
- Reminder of previous work performed at ambient temperature (penalizing and conservative conditions)

«  “Nominal” conditions ~ 350 °C
“‘LOCA” conditions (“EDGAR” tests under internal pressure and at 600-1000°C)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 4




Scope of the presentation

- Focus on CEA'’s current work on Cr-coating cracking under thermomechanical sollicitations:
« Reminder of previous work performed at ambient temperature (penalizing and conservative conditions)

«  “Nominal” conditions ~ 350 °C
“‘LOCA” conditions (“EDGAR” tests under internal pressure and at 600-1000°C)

« Provide first results and observations on Cr-coating cracking behavior

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 4



Scope of the presentation

- Focus on CEA'’s current work on Cr-coating cracking under thermomechanical sollicitations:
- Reminder of previous work performed at ambient temperature (penalizing and conservative conditions)

«  “Nominal” conditions ~ 350 °C
“‘LOCA” conditions (“EDGAR” tests under inner pressure at 600-1000°C)

« Provides first results and observations on Cr-coating behavior toward cracking

- Insights from several experimental techniques such as:
« Acoustic Emission (AE) for in-situ Cr cracking detection and quantification
« Post-mortem analyses by optical microscopy
« Post-mortem analyses by X-ray tomography

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 4



Recall of the study performed at room temperature
Investigation of the multiaxiality effect on coating cracking

Biaxial testing machine — as-coated samples

- Facility provides the capacity to perform biaxial testing with
various biaxality (from 0 to ) ratios on cladding tubes

- Extensometers: axial and radial extensometers for monitoring
deformations

- Camera with high magnification lens: capture images of the
sample outer layer and determine strain fields and cracking

- Acoustic Emission sensor: monitoring cracking by detecting the
emitted sound

15
. i e
0] —Pﬂ \\\\\\\\\\\\\\\\\\\\\
00 g
2e _ Ozz
a6

@ 28th International QUENCH-Workshop, KIT

D.V. Nguyen, et al. , 2022 , JNM

- Upper grip

AE sensor

Radial
extensometer

Lower grip

Dec. 05th, 2023
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Recall of the obtained results at room temperature

AE and DIC for monitoring coating cracking

Biaxial testing machine — as-coated samples

1 10
- Facility provides the capacity to perform biaxial testing with 08 lg <
- = = - - Q
various biaxality (from 0 to ) ratios on cladding tubes 2 g
> 067 Ozz 16 >
g = =
- Extensometers: axial and radial extensometers for monitoring 8 = 066 e
. 20-4’ ——Hoop stress - coated tube |14 O
deformations 5 ---- Hoop stress - uncoated tube §
20.2_ —Cumul_at.e.d,_AE energy 2. &
- Camera with high magnification lens: capture images of the ek e b
sample outer layer and determine strain fields and cracking W 5 1 15 2
. . . . Hoop strain (%)
- Acoustic Emission sensor: monitoring cracking by detecting the ”
. £2 D.V. Nguyen, et al. , 2022 , JNM
emitted sound ) ‘
2.5 E22 “10 E22 10" o600

S}
w

6

N

1.5

[
v

=

0.5

=
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(mm)
il (i)l 11l

0
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0 0.5 1 1.5 0 0.5 1 1.5

E22, moyenne = 0,32% E22, moyenne = 0,60% D.V. Nguyen, PhD thesis , 2021
@ 28th International QUENCH-Worksiiop, i guven. ’
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Some conclusions from investigations at 20°C
Biaxiality doesn’t affect the strain level for crack initiation

Crack propagation

a

22
‘ gee

a

-1
Oz
T96 | T06

a) @ =0 a) =2 a)a=1 a)a=05 a)a=0

Hoop direction D.V. Nguyen, PhD thesis , 2021

- Cracks initiation independent of biaxiality state (however, it affects cracks’ orientation and distribution)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023
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Some conclusions from investigations at 20°C
Biaxiality doesn’t affect the strain level for crack initiation

Crack propagation

Loading direction

[111]

a) a =00

[001]

D.V. Nguyen, PhD thesis , 2021

- Cracks initiation independent of biaxiality state (however, it affects cracks’ orientation and distribution)

- ~50% intergranular cracks propagation observed/emerging at the coating surface
- Cracks propagate through the Cr layer without significant penetration to the substrate
- Cr coating remains fully adherent up to high strain levels

- Limited effects of the (scarce) coating “imperfections” on the cracks propagation & density => should be different for other
coating deposition processes / microstructures?

g 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 7



Uniaxial mechanical testing at 350°C
Nominal conditions temperature range

Uniaxial testing machine — as-coated samples

« Facility provides the capacity to perform uniaxial testing (biaxality _ ﬁ'
«) at temperatures from -20°C to 700 °C : LED Light ~
Instron Tensile Testing Machi z
- Extensometer: axial extensometers for monitoring axial deformation netron fenstle Testing Hachine a
- Camera with intermediate magnification lens: capture images of "l" T IT
the sample outer layer and determine strain fields and cracking
- Acoustic Emission sensor: monitoring cracking by detecting the
emitted sound S
Camera -
(Lens 1:1) |
“ I .
AE Sensor :
: | |

Y "ra'l'bi, et al., 2024
@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 8



Tensile testing at 350°C (non

First cracks detected at ~2-3 %

Biaxiality o

Correlation entre traction, EA et densite de fissures

o °
D ®

Valeurs normees
[—]
'S

0.2

— Essai de traction gaine revetue

- Energie cumulee EA

- % - Densite de fissures

0 2 4 6 $§ 10 12 14 16 18 20
Deformation (%)
Y. Taibi, et al. , 2024

« Good agreement between optical observations and AE

- First cracks are detected at ~2-3 %

@ 28th International QUENCH-Workshop, KIT

irradiated samples)
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Tensile testing at 350°C (non irradiated samples)

First cracks detected at ~2-3 %

Biaxiality « Optical observations at different strain levels

Correlation entre traction, EA et densite de fissures

s o
D ®
. .

Valeurs normees
[—]
'S

0.2

— Essai de traction gaine revetue

- Energie cumulee EA

- % - Densite de fissures

0 2 4 6 $§ 10 12 14 16 18 20
Deformation (%)

Y. Taibi, et al. , 2024

« Good agreement between optical observations and AE

- First cracks are detected at ~2-3 %

@ 28th International QUENCH-Workshop, KIT

Y. Taibi, et al. , 2024

Crack detection by AE confirmed by optical observations

Tensile test performed with several interruptions

Dec. 05th, 2023 9



Expension Due to Compression tests

Testing temperature 350°C on neutron irradiated samples
(CEA-Saclay LECI hot cells laboratory)

EDC (biaxiality 0) — circumferential testing machine in hot cell

- Facility provide the capacity to perform thermomechanical testing on End
irradiated samples (with a biaxiality ~ O to be close to in-service PCM| o e
loading conditions...) rEStrammg

fixture

- Joule effect heating : slow and fast thermal loading can be applied (0.1°C/s tc
200°C/s) up to 1200°C

Ductile § Irradiated
cladding

sample

- Free |/ Fixed Extremities : tests presented are with restrained ends

- ldentical experimental setup for non-irradiated samples providing a suppori
for a better interpretation/exploitation of results

- Irradiated samples in OSIRIS up to 2 dpa, and on-going/further tests plannec
on Cr-coated materials irradiated in commercial LWRs

Bono et al., 2020 , NUMAT

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 10



Circumferential loading at 350°C on Irradiated tubes
Crack initiation detected at >2 % circumferential clad deformation

Results obtained on 1st generation Cr-coated cladding tubes irradiated in OSIRIS

Fixed-end EDC tests at 350°C

Loading similar to pelleM:Iaddint_; interaction conditions

[ Metallographic observations |

» No flaws

- * No coating delamination

* No crack propagation into the
substrate

ISEM ohservations on Cr/Zr interface I

- Very good adhesion of coating
at local strains in excess of 15%

ISEM observations of EDC tested coating surface |

Hoop strain at fracture Hoop strain at fracture
~ 30% 215%

F 3
2 dpay,
Identical substrate and Cﬂaﬁﬂg

— Overall, significant
post-irradiation coated cladding ductility Bono et al., 2020 , NUMAT

Unirradiated coated cladding Irradiated coated cladding\

Neutron irradiated (15'. generation)
2-8uym thick Cr-coatings studied
here can withstand a hoop strain
up to 2% without cracking

(similar to unirradiated cladding)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023
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EDGAR, ballooning and burst

LOCA conditions temperature ranges

EDGAR 1

-J
’/ 1_‘\"4.,
& . Z
’ b L
i r i ”
| :
=
®

EDGAR 1&2 facilities:

- Designed in the late 70s, since more than 4000 cladding tubes have been tested

- EDGAR facilities provide the capacity to perform thermomechanical testing under
controlled inner pressure & temperature

- Joule effect heating: slow and fast thermal loading can be applied (0.1°C/s to
200°C/s) up to 1200°C

- Contactless temperature control and measurements:
IR pyrometers and internal thermocouple

- Internal pressure can be controlled up to 200 bars
« In-situ contactless hoop-strain monitoring (laser) during ballooning / burst

- Sample length representative of inter-grid distance in assemblies

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 12



EDGAR, ballooning and burst

EDGAR 1&2 facilities:

- Designed in the late 70s, since more than 4000 cladding tubes have been tested

- EDGAR facilities provide the capacity to perform thermomechanical testing under
controlled inner pressure & temperature

- Joule effect heating: slow and fast thermal loading can be applied (0.1°C/s to
200°C/s) up to 1200°C

- Contactless temperature control and measurements:
IR pyrometers and internal thermocouple

=
2
=
=]

=
s
o
2
S
,

15 um ted M5

Internal pressure can be controlled up to 200 bars | e =

- In-situ contactless hoop-strain monitoring (laser) during ballooning / burst £ " 5. S |
£ EZ 2 . —_———

- Sample length representative of inter-grid distance in assemblies T e "0 2 w0 60 50 100 10 10 [

T (s) Maximum circumferential deformation to rupture -

of uncoated reference M5 (A,,%) |

Dumerval et al., 2018, Top Fuel

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 12
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Post-mortem inspections

Cr-coating gain in ductility (fo be compared with 20-350°C)

Selection of Cr-coated cladding after burst : optical inspections at different height

- Selection of a set of Cr-coated cladding after burst with high circumferential deformation
« Optical inspections to damage quantification

- Provides an estimate of damage level as function of hoop strain

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 13



Post-mortem inspections
Cr-coating gain in ductility (fo be compared with 20-350°C)

Selection of Cr-coated cladding after burst : optical inspections at different height

« Selection of a set of Cr-coated cladding after burst with high circumferential deformation
« Optical inspections to damage quantification

« Provides an estimate of damage level as function of hoop strain

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 13
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Toward a better quantification by Optical Miscroscopy
High quality images, measurements realized at a specific height

High resolution optical observations

ﬂ
RAS HALIT
|

ballon

fors phutu]@

« Needs a metallographic preparation
« Resolution up to 1ym detect small cracks
« High quality image provides a good contrast for analyses

« Requires preparation effort and can be time consuming if a large data base is needed

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 14
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Toward a better quantification by Optical Miscroscopy
High quality images, measurements realized at a specific height

Automated counting

Cracks positions

[+]aTalal

8000
s WO(W0 ®oq
00
000 ~
/_-. - .
4000

fa¥a)
00
400
400
8000
0000 00 00 (0 ameume®
[-Ta¥alal

Radius (um)

ftape 1

Radius (um)
’\

« Use of image processing and machine learning toolboxes (here Fiji & Weka plugin)

« Good detection rate of cracks on the optical images

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023
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Toward a better quantification by Optical Miscroscopy
High quality images, measurements realized at a specific height

Measurement on the same cladding tube

Automated counting _ _ .
(Tested with a heating rate of 1°C/s)

200

Detected cracks

0 80

Hoop strain (%)
Use of image processing and machine learning toolboxes (here Fiji & Weka plugging)

Good detection rate of cracks on the optical images

Higher Cr-coating ductility and resistance to cracking confirmed

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 15



A NANNAN
Toward a better quantification by X-Ray Tomography W

Large amount of information with less preparation effort!

Volumic observations

« No needs for preparation
- Large volumes can be scanned
« Resolution up to 10-15 uym per voxel

- Lower resolution and contrast than optical microscopy

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 16



) % %
Toward a better quantification by X-Ray Tomography
Large amount of information with less preparation effort!

Automated counting

- Use of image processing (here “homemade codes” via Matlab )
- Satisfactory detection rate but still needs improvement

- Machine learning as a solution - needs extra work (vs. Optical Microscopy Images)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 17



Conclusions

- For all the tested samples in any conditions the coating remains perfectly adherent after high deformations

- Recall of the concluding remarks for the room temperature study :

« Acoustic Emission confirmed by DIC measurements
- The biaxiality state affects the cracks’ orientation/pattern and density at saturation

« The microscopic observations shows ~50% of intergranular crack propagations emerging at the coating surface

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 18



Conclusions

For all the tested samples in any conditions the coating remains perfectly adherent after high deformations

350°C temperature testing concluding remarks :
Acoustic Emission detected cracking confirmed by optical observations (on as-coated sample)
« The first crack is detected/observed above 2 % of strain for both non-irradiated and neutron irradiated samples
«  Cr-coating ductility:
- improved at 350°C (vs. 20°C)

- not affected by neutron irradiation up to at least 2dpa (further investigations needed at higher burn up)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023
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Conclusions

- For all the tested samples in any conditions the coating remains perfectly adherent after high deformations

- EDGAR (LOCA) testing concluding remarks :
«  Post-mortem inspections indicate higher Cr-coating ductility (vs. 20-350°C range)
«  Optical Microscopy provides high image quality and exploitable data for machine learning, but requires significant sample preparation effort

« Xray Tomography provides three-dimensional data with less sample preparation effort than OM: requires more data processing due to lower spatial

resolution and image quality (contrast)

@ 28th International QUENCH-Workshop, KIT Dec. 05th, 2023 18
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Preliminary BDBA tests of Cr-coated Zr alloy cladding at DEGREE facility

If the Cr coating on the outer surface of the Zr-based cladding tubes is damaged at extremely high
temperatures and Zr metal substrate remains on the surface, chemical reaction heat accompanying
the Zr-water reaction may be generated rapidly. In this case, the temperature rise could be accelerated
compared to the conventional uncoated cladding material, and the possibility of early core damage
cannot be denied M. Resolving this issue requires confirmation by bundle tests at different accident
scenarios, CRIEPI is conducting some simulated beyond design-basis accident (BDBA)-LOCA tests with
Cr-coated Zr-based cladding tubes using an induction heating furnace at the CRIEPI's DEGREE facility
in a research project of the IAEA/ATF-TS.

A Zircaloy-4 fuel cladding tube (outer diameter: 10.75 mm, wall thickness: 0.725 mm, length: 235 mm)
coated with Cror Cr/CrN by the PVD method was used in the test. Alumina annular pellets and tungsten
rods were loaded into the fuel rods to simulate the fuel pellets and susceptor as internal heating
material, respectively. The rod internal pressure was set to be 6 MPa of He gas at room temperature.

Single rod and bundle tests were performed under simulated BDBA conditions in high temperature
steam environment. Single rod was placed in the center of eight surrounding heater rods, which were
tungsten rod inserted into alumina tubes (single rod test). A 3x3 type coated Zircaloy-4 test bundle
with a fuel pitch of 14.5 mm was applied (bundle test). After heating to the peak cladding surface
temperature (1350°C or 1600°C) at a heating rate of 2-3 K/s in a steam flow rate of 0.4 g/s, the heating
power supply was switched off and at the same time the atmosphere was switched from steam to Ar
gas leading to cool down without quenching with water.

Online measurements were made of cladding surface temperature, fuel rod internal pressure, and
hydrogen generation amount. The following post-test examinations are reported: the interdiffusion
layer formation between the Cr or Cr/CrN coating layer and the Zr-based alloy substrate, redistribution
of Cr, Zr, oxygen, and hydrogen, radial profile of microhardness; and ballooning and bursting behavior.

References

[1] M. Steinbrick, et al., JNM 559(2022)153470.
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Motivation

ATF bundle behavior under accident conditions

® Lack of knowledge regarding the degradation behavior of ATF
bundles and delays in developing fuel performance models

Strong needs to accumulate

experimental data under
various accident scenarios

® Potential more intense temperature runaway (M. Steinbriick, 2022)

International research project on material science-based ATF behavior during accidents

QUECH-19 OECD/NEA/QUENCH-ATF IAEA/CRP/ATF-TS OECD/NEA/TCOFF-2
(2018) (2021-2025) (2021-2024) (2022-2025)

First ATF bundle Three bundle tests under DBA ® Bundle tests (WT 1.2) ® From the perspective of

test and BDBA conditions ® Fuel Bundle Simulation (WT 2.2) materials science and
e thermodynamics,

prioritization of issues
specific to UO,-Zry system
and advanced fuels such
as ATF

® Advances in fuel
performance models and

FeCrAl(Y) @1460°C QUENCH-19 DEGREE CODEX-ATF their implementation in
J. Stuckert, et al., QWS-24, 2018. https://www.oecd-nea.org/jcms/pl_72063/first- (KIT) (CRI EPI) (MTA EK) the SA COde

results-from-the-quench-atf-joint-project

Central Research Institute

ccccccccccccc Industry
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IAEA / ATF-TS project

“Testing and Simulation for Advanced Technology and Accident Tolerant Fuels (ATF-TS)”

CRP Structure CRIEPI’s contribution
WorkTask(WD) | Subasks | WT Goordinators
WT 1: 1.1 Separate Effect M. Sevecek (Czech
Experimental Tests (SETs) Republic) WT1.2 Bundle tests
Programme 1.2 Bundle Tests J. Stuckert (Germany) ® Small-scale bundle tests with ATF cladding
WT 2: Fuel 2.1 Fuel Rod Modelling  A. Boulore (France) materials under DBA/BDBA conditions using
Modelling and and Simulation M. Cherubini (ltaly) . .
Benchmark 2.2 Fuel Bundle J. Stuckert (Germany) DEGREE faC|I|ty (Smgle rod & Bundle)
Exercise Simulation Z. Hozer (Hungary)

3.1 Validati f Fuel . .

Codos for LOGA. WT 2.2 Fuel Bundle Simulation
WT 3: LOCA 0aes Tof .

Analysis ® Benchmark exercise of DEGREE bundle test

Evaluation J. Zhang (Belgium)

3.2 LOCA Fuel Safety .
Methodology Evaluation using FRAPTRAN
Methodology
i 4.1 Literature
WT 4: Material PEEEEE AT

Ch. Allison (USA)

Properties
database for ATF

4.2 Model/Correlation
Development

i . J. Zhang (Belgium), M.

 Sci. Secretary | K. Sim (IAEA)

© CRIEPI 2023 3 IR CRIEPL




DEGREE facilitx

O The out-of-pile integral test facility “DEGREE” was built at CRIEPI in 2015*.
® To deepen understanding of the core degradation processes BDBA

® To strengthen accident management measures for LWRs

0 Several performance tests have been conducted so far.

® Unpressurized Zry-4 bundle tests in steam environment up to 2000°C to
simulate early stages of SA such as SBO and LBLOCA scenarios

® Ballooning and burst tests of pre-hydrided Zry-2 and Zry-4 single rods in
steam-air mixture under LOCA at SFP

® Performance tests of accident tolerant control rods (ATCR) under BDBA
conditions

® Pressurized/unpressurized coated Zr-alloy bundle tests under BDBA
conditions (This presentation)

Degraded Zry-4 bundle under
steam-starved condition heated up
to 2013°C (D-H27-02)

* within a framework “Advanced Multi-scale Modeling and Experimental Test of Fuel Degradation in Severe Accident Conditions”
supported by METI, Japan.

© CRIEPI 2023 4
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DEGREE facilit

Center rod (zry cladding) Major specification
Outer rod (Zry cladding or heater)
Test Bundle 3 X3 rods
exhaust . . . .
> Mass Carrier gas Steam, Ar, Air or their mixture
Reactor vessel ~ spectrometer —T Heating rate <7 K/S
insulator ——__ | Condenser Cooling rate >3 K/s
Quartz tube ~_f i ‘ Heating method Induction heating
Test bundle (3 X 3) ~_ m Max. temperature ca. 2000°C
\8~ 8 Heating region 200mm (upper), 300mm (lower)
Observation window — 8 8 ] System pressure Atmospheric
Induction heating coil < .0 o Rod internal pressure <12 MPa
o O Load cell Not furnished
sonter I miFc 8 8 Quench medium Argon gas
_l = | Nuclear material Not available
MFC .| Super ;
" | eater - Instrumentation
ppr 1 Thermocouples, Pyrometers, Pressure gauges,
GC, QMS, Video recording system
Pressure
Gauge

K. Nakamura, T. Ogata, M. Kurata, OECD/NEA WORKSHOP-TCOFF PROJECT, July 10-12, 2019, J-village, Fukushima, Japan.
CRIEPI

ccccccccccccc Industry
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Induction heating method

® Primarily heat the central tungsten rod as
a susceptor

® Secondarily heats the cladding itself

® Eddy currents also generated in the thin-
walled balloon region of the cladding

Test rod Pelfets

Coated Zry-4

Pressurized test rods

® Hoop strain
® Ballooning & Burst
® Secondary hydriding

ﬂ After burst, heating is not anymore\
homogeneous (C. Duriez, QWS27)

It is thought that the thin-walled

balloon region has a higher

temperature gradient than the

N\

=

\___actual phenomenon. /

+—— Gas plenum

Coated cIadding\

Al,O; or ZrO, pellets ¥ Coated Zry-4

Tungsten rod susceptor cladding

<=--  Max temp. level

13
\ Thermocouples
(TypeR)

<+<—Bottom
ends

Apart from burst region or Un-pressurized test rods

® Negligible hoop strain
® No Burst
® No secondary hydriding

ﬂ The absence of ballooning in the\
cladding is expected to reduce
the occurrence of excessively
high temperature gradients and
improve the simulation of

Pellets \__accident behavior. J

Coated Zry-4

© CRIEPI 2023
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Preliminary BDBA tests at DEGREE facility

Cross section of

ATF Cladding Tube Material Test rod as-deposited
Coating Materials Cladding Provided by & Coated cladding -
Al,O; or ZrO, pellets
10 um Cr Zircaloy-4 Tungsten rod 10pm Cr
20 um Cr Zircaloy-4 CTU
; rGas plenum Zry-4 —  10um
16/10 pm Cr/CrN Zircaloy-4 CTU « ALO, grid
_ ¥=— Coated cladding 20pm Cr
15 um multilayer Cr/CrN  E110 AEOI
v All Zircaloy-4 tube provided by KIT <--- Max temperature level
@ ®<— Thermocouples (Type R)
15mm away from Max Temp
® Sim. Fuel pellet Al,O; or ZrO,
® Susceptor Tungsten
® RIP 6.0 MPa at RT (He) «Bottom ends
® GasPlenum  ca.10cc Al,0, grid
® Fuel pitch 14.5 mm

!

Pressure gauge

CRIEPI
© CRIEPI 2023 7 ]R S T oy ™




Preliminary BDBA tests at DEGREE facility

Single-rod test

ATF Test rods

Quartz tube

Zr0, /Al, O, insulator

OO
0@
000

Heater rods
(Al,0, tube
with W rod)

® 1350°C
® 1600°C

© CRIEPI 2023

Bundle test

® 1350°C

Temperature and power output

Flow rate

Time history

¢ » » »
» 9 L} Ll |

»

Cool down

1350°C or 1600°C

Furnace cooling
without water
quenching

~500°C

induction power output (control)

Ar 10 L/min
Steam 0.4 g/s

Ar 2 L/min

A 4

time

Central Research Institute of

ccccccccccccc Industry




Single rod tests (RIP=6.0 MPa)

Effect of coating thickness and materials on burst behavior 2
5 e e mmmm
ltem g
_ E 250 ®1350°C
Coating layer g ® 1600°C
700
Max temperature (°C) 1350 1600 —l 30
(C
o
Heating rate (K/s)* 3.5-1.5 1.5 2.4-1.8 2.5-2.2 3.0-1.6 3.0-1.8 2 70 oo $--—- -
- @ R 3
2 6.0 hd
& =
;l._. 50 ®1350C
£ 2 ® 1600°C )
Photos of Burst Opening £ __4
8 o - ® 1350°C
B f_ . . —
gg ® \\.\
* Temperature range above 1000°C 17 > ] N .
2 e
0
. . — 160 =
Little change in burst temperature and pressure o £ - i
regardless of coating thickness or material I o A i
£ )
= °
. Q@ 40 A
| Hoop strain >80% k :
0 vy
0 10 20 30
© CRIEPI 2023 ? Coating Thickness, Cr+CrN (um) _




Single rod tests (RIP=6.0 MPa, 1350°C, Cr or Cr/CrN coated Zry-4 )

Hydrogen concentration distribution

Vertical direction Circumferential direction
2000 0° =opening
——52 1500 9 . = OPﬂ‘E‘g 1700 .

= zi - ,,f;"n | | —e—5 1}9’00‘, ‘\:“‘\\T.—‘Z-z:lSmrr.
g_ 1500 A ——54 /}’"""”"' T b ‘x\\aq?\f.z:-mn-.n-.
-~
e o/ 270 N 90°
S 1000 ~ 270° < 90 ,
c : .
o i
=
I " '

O i | 1 | | : L L | T | 1 1 : | 1 | I 1800 1800

At Burst opening height At 18mm away from Burst opening

-40 -20 0 20 40

Distance from the burst opening (mm)

()
T {
ooooooooooo_>
top oo
CRIEPI

lllllllllllllllllll
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Single rod tests (RIP=6.0 MPa, 1350°C, Cr or Cr/CrN coated Zry-4 )

20 um Cr coated Zry-4 16/10 um Cr/CrN coated Zry-4
oM

Element map Element map
Cr,05, 5um

6 mm above from

Cr, 16-19ump@g
burst opening H .

High

Cr diffusion zone

: CRIEPI
© CRIEPI 2023 ]R Gonira Fosearen neito of




Single rod tests (RIP=6.0 MPa, 1600°C, Cr coated Zry-4)

Vertical Cross Section
10 um Cr coated Zry-4

20 um Cr coated Zry-4

v
A

Cr,0,/Cr
Cr diffusion 2r0,

zone with

Liquid ‘\

(B-Zr + ZrCr2) |—

Cr,0,4/Cr
Prior B-Zr

zone with

Liquid B LTt

Cr diffusion

bottom

,}',:‘ T
i R g i

© CRIEPI 2023
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Single rod tests (RIP=6.0 MPa, 1600°C, 20 pm Cr coated Zry-4 )

Microhardness Element mapping

Cr,0,/Cr
ZrO,

Cr,0,/Cr Cr diffusion zone (Liquid+Cr,Zr)
B z_r_og a-Zr(0) prior B-Zr

Strong

| prior Cr,Zr
2>Cr,Zr+ B-Zr

Invisible due to high contrast

___.‘q;'# .-fé_-_,_ \::_%1:' "i%; : tﬁ-’
H T A R SRR 1R
Liquid g ' *.51-"5!“!‘&-_ I_
a-Zr+Cr,Zr 3 % b I-?
D =l weak
| | M. &
oM ¢ measured by ToF-SIMS

CRIEP
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Bundle test (RIP=6.0 MPa, 1350°C, 20 um Cr coated Zry-4 )

Burst at ~800°C ® Formation of Cr,0; at hot region
® Burst inward
1500 25 Same burst temperature range as
= - - > | - .
| Ar 2 L/min . Ar 10 L/min i ?"’D S|ng|e rod test (~800°C)
I Steam 0.4 g/s ' Temp. at 120 mm E Contact/Bonding with neighboring
1300 - Position of thermocouples in test bundle (No.9) 3 E
B > > ® Temp.at 120 mm+ 20 & = rods
/OO (©]0) (©]0) (No.6) S5 . .
| O® @ QO® \\ Temp. at 175 mm | '% §. Rapld Hydrogen generatlon above
1100 | \Q®Q OO0 olcls! nom| BB o
5 100 1 \ | 23 1060
o, - -3 mm height 120 mm height 175 mm height + 15 & g ’ '
) ~ (steam inlet) (below burst opening)(above burst opening a o
5 B i T o
= 900 T —; >
- . C
& i High f tput M | =3
£ i igh frequency power outpu A 1L 10 =5
()] o u' i H B [
- 700 i Rod Internal Pressure ,‘/1"’ .:/ 2 ] & H_UED “«— 175mm
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Hydrogen generation above 1060°C

Omm

Post test

Pre-test
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Bundle test (RIP=6.0 MPa, 1350°C, 20 um Cr coated Zry-4 )

Contact/Bonding with neighboring rods

Cr diffusion zone (Liquid+Cr,Zr)

Formation of eutectoid microstructure :
yZrO, = BZrO, + a-Zr(0)

1350°C
Measured by TC

® Ballooning prior to Cr,0; formation
and contact with neighboring test
rods to form liquid phase

QOutside surface
Cross section at burst level

Central Research Institute of

Electric Power Industry
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Eutectoid microstructure near the interface of fuel rods 3)-@)

Potential phase transformation reactions

at > 1526°C

O o-Zr(O) +vy ZrO, - a-Zr(0O) + B ZrO,
or

O yzrO, > a-Zr(0) + B ZrO,

Weight Percent Oxygen
[ 5 Lo 15 20 25 A0 40 30 a0 TS0 L0
II|I . 1 II|I . 1 ] 1 |||I||||I||!||I||!|_

q.sp-.', RARARE RS A s L I

G

4000
JEI}?—E

3000 ] 3

15004 =

Outside

pzr0,

aZr0,
I

Suggests that a large temperature gradient of more than 180 °C occurred K R I R I I

r Atomic Percent Oxygen 0
In th S 15 mm Ie ngth betwee n th en eCk reg|0n an d b urst Ieve' . H. Okamoto, Phase diagrams for binary alloys, ASM international, 2010.
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Hoop strain over 80%

No reports exceeding 80% hoop strain

® In-pile tests such as FR2 and Halden
® Ex-reactors such as QUENCH

FR2 in-pile tests

1.0 l
O unirradiated rm"!s
@ irradiated rods |
& BSS(electrical simulators)
08 _,__ —
2{ o
Q>
067 ®
£ O a
£ o8 R4
wn fo) | |
- [ ]
8 | +o
g .
Fol A% o
§ o |8, o °
£ o ® @ O
o ., o* J) a
. ]
g o
5
E o2 !
.; [ i
o
=
©237-480¢
o ] 1 1 L
700 800 S00 1000 100

Burst Temperature (°C)

KfK 3346, 1983.
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Over 80% hoop strain observed in this study

® |n addition to the central W rod as a susceptor, Joule
heating is generated by the eddy currents on the outer
surface of the thinned cladding.

Halden reactor tests

test # 2 7 6 11 10 12 13 3 5 5 4
Eﬂ‘;:‘(;‘!fé 0 | 443 | 555 | 56 60 |723| 741 | 819 | 83 90 92
E?r:?:n% 54 | 23 | 49 | 25 15 | 40 | 45 8 15 | 61 | 62 I
| 20 [ 8 2 | 15 | 38 | 1 10 7 | 204 | 424
fragment SOION [ Dt | penm— &m g{?‘z coarse | coarse | medium | medium | medium | medium
size Soa &fine | (&fine?)| &fine | &fine | &fine | &fine

: = |
gamma [
scan ‘ [ '
flask | | }
bottom = : | ol — || =
HBS I
N I N e
dispersal e - e o o some | nearly — much | much
(qualitative) . o i ONE | SOME | more | none e more | more

NEA/CSNI/R(2016)16

17

Coated Zry-4

Al,O; or ZrO, pellet

® Possibility that the observed
results of this study deviate from
the previous reports
» Accelerated strain and thinning
» Larger local temperature
gradients

Central Research Institute of
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Conclusion

O Preliminary single rod and bundle tests of coated test rods under BDBA conditions
are being conducted at DEGREE facility in the framework of IAEA CRP ATF-TS
project.

[0 Due to induction heating, a local high temperature gradient is created in the thin-
walled cladding after burst, which may cause a phenomenon different from the
actual behavior.

Future works

1 Bundle tests without pressurization in order to reproduce the actual phenomenon

Central Research Institute of

ccccccccccccc Industry
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The CODEX-ATF experiment

An integral bundle test was carried out in the framework of the IAEA Testing and Simulation for
Advanced Technology and Accident Tolerant Fuels (ATF-TS) project in the CODEX (COre Degradation
Experiment) facility. The test section included an electrically heated seven-rod bundle composed of 3
pieces uncoated and 4 pieces Cr coated optZIRLO cladding tubes. The main parameters of the scenario
were selected on the basis of pre-test calculations.

Electrical heating with two tungsten heaters in each rod was applied. The heated length was 650 mm.
The rods were pressurized during the test in order to reach ballooning and burst in the early phase of
the experiment. The rods in the bundle were fixed by two spacer grids made of Zr1%Nb alloy. The
bundle was placed into a hexagonal shroud. The shroud material was Zr2.5%Nb alloy, the total length
of the shroud was 1000 mm. The bundle was heated by direct current power supply units. The steam
generator provided hot steam to the test section. The water injection into the steam generator was
performed with precision pump at constant flow rate. For heating up, argon gas was also injected into
the steam generator.

In the preparatory phase the facility was heated up to 600 °C in 0.2 g/s steam and 0.2 g/s argon flow
rates using both external heaters and fuel rod heaters. The heat-up phase continued with the same
flow rates and with 1000 W heating power on the rods and 800 W power of external heaters. The rods
were pressurised and cladding burst took place at =900 °C on most of the rods. The temperature
increase was very smooth. At the initiation of water quench, the cladding temperature in the top of
the bundle was above 1600 °C. In the upper part of the fuel rods 1400 °C was reached. It is expected
that intense Zr-Cr eutectic formation took place at these temperatures. During the quench phase,
room temperature water was injected to the bottom of the test section. The total hydrogen production
during the experiment was about 3 g, which indicated significant oxidation of the Zr components.
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Introduction

* During the discussions with ATF-TS project partners, EK proposed to carry
out an integral bundle test in the CODEX facility.

e Czech Technical University (CTU) offered to provide Cr-coated (18 um) and
uncoated optimised ZIRLO™ tubes for the experiment with 650 mm length
and 9.1 mm diameter.

The main characteristics of the tests were agreed as follows:

* The bundle should include both coated (4 pieces) and uncoated cladding
(3 pieces) tubes in order to allow direct comparison of their behaviour under
serious accident conditions.

 The maximum local cladding temperature should be above 1300 °C for the
observation of high temperature Zr-Cr interactions (eutectic formation).



HUN | & CODEX-ATF test section
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Hexagonal 7-rod bundle in VVER geometry
Length of heated rods 650 mm

Tungsten heaters in the rods + external heating
Zirconia and alumina pellets insulate the tungsten
Rod pressurisation by argon

Zr2.5%Nb shroud
Thermal insulation
layers

Heated rod
Tungsten wire

ZrO, pellet
Cladding

Shroud (Zr2.5%NDb)

SiO, & AlLO; & ZrO, fibre

Stainless steel tube
@139.7/135.7 mm

Tube heater

Calcium silicate @320 mm

uuuuuuuu

Stainless steel
Height: 981mm
Outer dlameter: 139.7mm
Inside diameter: 135 7mm

/- Shroud height: 1016 mm

530

65

1016




HUN | & CODEX-ATF facilit
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Number of fuel rods

Cladding of fuel rods -
No. 2., 4. and 6. optZIRLO

Cladding of fuel rods Cr-coated
No. 1. (central), 3., 5. and 7. optZIRLO™
Length of fuel rods m
External diameter of fuel rods Argon
Cladding wall thickness
Pellet material PSC .
ressurnzer
Pellet material in the bottom of the rods valve

kg QMs

Haated sampling line with valve

A

Pressurization system

Condenser

Ventlated area

Heightofpellet | 10mm |
Argon
Hole diameterinthepellet | 2mm | %
Thickness of spacer grid . 04mm |
Number of spacergrids | 2 |
Zr2.5%Nb T
shroudthickness | amm [N el
Lengthofshroud | 1000mm | :

Shroud keysize | 39mm | s

.éteam Qeneratér &
superheater

o i i i

-—— — = — — =

b s e




HUN | & Thermocouple positions of the CODEX-ATF facility
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W5Re/W26Re at elevation 550 mm with orientation of 180°
W5Re/W26Re at elevation 500 mm with orientation of 300°

High . L . .
temperature W5Re/W26Re at elevation 400 mm with orientation of 60
thermocouples W5Re/W26Re at elevation 200 mm with orientation of 60°
(6 pieces) . . . :
W5Re/W26Re at elevation 400 mm with orientation of 180°
W5Re/W26Re at elevation 300 mm with orientation of 180°
"K" type at elevation 50 mm with orientation of 0°
"K" type at elevation 50 mm with orientation of 180°
K-type "K" type at elevation 150 mm with orientation of 300°
thermocouples "K" type at elevation 150 mm with orientation of 120°
(33 pieces)

"K" type at elevation 500 mm with orientation of 240°

"K" type at elevation 200 mm with orientation of 240°

"K" type at elevation 300 mm

"K" type at elevation 400 mm

OO0 © ©6 © 6 6 © © 6 &8 © 6 ©

"K" type at elevation 500 mm 5



Proposed scenario

The proposed scenario will focus on covering several phenomena of fuel behaviour during
accidents.

« Ballooning and burst will take place due to pressurisation of fuel @
rods (rod pressures between 1-3 MPa, all of them will burst
between 800-1000 °C).
optZIRLO™ | II

Cr-coated optZIRLO™

 Oxidation of cladding external surface will be observed in high temperature steam, the
degree of oxidation will depend on the local temperatures.

 Oxidation of inner cladding surface and secondary hydriding may take place after cladding
burst and penetration of steam into the fuel rods.

* Eutectic formation between Zr-Cr is expected above 1300 °C.

It is not intended to cover a representative NPP scenario in details, but the proposed sequence of

events may be interpreted as a station blackout (SBO) event with combination of small break

LOCA with recovery of emergency water supply when the cladding temperature reaches 1400 °C.



BN & Proposed scenario

further heat-up with
technological heat-up of increased power, target
the facility, initiation of temperature of 1400 °C

A
Heat-up Heat-up
steam supply, moderate Preparatory phase phase | phase || Quench
power and target : ; >¢ o >
o ! H 140 °
temperature of 600 °C “Burst -
Max. 800-900 °C 100:0 c
cladding \ injection of water,
further heat-up with temp. 600°C | switching off power and
increased power, steam supply
pressurization of fuel
rods to reach burst, R 2000 W
Power i
ta rgetotemperatu re of (+800 W 1000w
heaters) ow S
/ 5 i
Argon # 0.2g/s E 0g/s
: v ! >
Steam 02 g/s
T | : I S
é é 10 g/s
Water T ; '
: ! > 7




HUN | & Measurements

REN

During the tests there will be on-line measurements and data acquisition:
* temperatures,

* pressures,

 flowrates,

* power,

e outlet gas composition.



HUN | & Pre-test calculations by IBRAE, NUBIKI, GRS
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Cladding temperature Care field — T fluid
Temp [C]
L e {77 S0mm 1.05 1600.
L L e R A4 L1111 0.95
Y00 oo b 2 150MM 0.85
) C ' ' ' 4 200mm a.7e
° 1400, f----mmmmme e mo oo i B -L=11 1y '
%’ 0200 Fomee A . 6 300mm 065
g - ! 7 350mm 0.55
1 e
Eﬂ - ' 8 400mm U 45
[3 200 Z -------------------------- 450mm
||‘ \ 600 Z_ e EODmm 0.35
4004 —-= T max (ver. 1) v E i 16 550mm 0.25
—--- T max (ver. 2a) ! 400, pommme s S i ST "“ 0.15
208' = T max (ver. 2b) o 200 ;_ _ ____-%__ 0.0
~1000 -500 0 500 1000 1500 2000 0 i by % iTime, s 005 S I TN
Time. s 0. 1000 2000. 3000. 0.04 006 0.08 04 012 014
Upper head Steel tube
2200 3 O Outflow Tube heating
2000 1] — '?:;dsliifgtnxr D [~ 71 T ArverD T Arter ) i
1800 - === Test section (ver. 2a) 1 25 ToT Arver2a) 0.95
== Test section (ver. 2b) 0.45
1600 4| =—-= External (ver. 1 & ver. 2) © Shroud ——— |
Bh) J
. 14001 R . » " ;i
< Cladding .
g 12001 515 ! e =
= 1 S o) = 0.55
£ 1000 ' S I :
= — - §
800 i I DR =]tk B V= N — % 1 0 | g
600 | I 2 I Grid spacer
400 1 0.5 | ————— 1
200_ | | Heater
0 ‘ . : . 0.0 : : - : 0.05
—-1000 —500 0 500 1000 1500 2000 —-1000 —500 0 500 1000 1500 2000 Inflow  Lower head | . ‘
H H -0.05%
Time, s Time, s T D.02 0.04 D.06 0.08 0.1 0.12 0.14

Radius, m
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HUN & Assembly of the bundle
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HUN | & Comissioning test No. 1.

External heater
800 Bundle heater
* The heating included the operation of both bundle heater and external -
heater systems. Stepwise power changes were performed with the fuel S o0
rod heaters in argon atmosphere (0.2 g/s). The maximum power was set e
to 500 W for the rods and 800 W for the external heaters. 3 100
o
* The total duration of the heated period was about 1 hour. The maximum 200 -
rod temperature was close to 650 °C at 500 mm elevation, while one of | k
the measured shroud temperatures reached 550 °C at the same elevation. 0 S SO —
0 2500 5000 7500 10000 12500 15000
Time (s)
0,30 700
1 — TSH_500
Argon 600 - ——— TSH_400
0.25 7 —— TSH_300
- _ — 500 - —TSS_850
B 020- o O — =TSS_500
" = = 1 — =TSS_150
s g 2 400+
o 5 5
; 0,15— "é qé
2 9 @ 300
% 0,10 E &
= = = 200 -
0,057 100 -
0,00 T T T T T T T T T T T 0 I T T T T T T T T T T T 0 T T T T T T T T T T T
0 2500 5000 7500 10000 12500 15000 0 2500 5000 7500 10000 12500 15000 0 2500 5000 7500 10000 12500 15000

Time (s) Time (s) Time (s)



HUN | 6 Comissioning

. _ External heater
* The maximum power reached 1600 W for the rods (no external heater). 14007 Bundle heater
The total duration of the heated period was 30 min. The maximum rod 1200 1
and shroud temperatures reached 650 °C and 450 °C at 500 mm elevation. < 1000
@ 800
* The argon flow rates were varied. 5 o0
. . . . . . . . 400
* The pressurization of individual rods was tested several times during this _
commissioning test. 2009
0 T T T T T I !
0 2000 4000 6000 8000
* The operation of steam generator was also tested. Time (s)
700 700
1,6 1 — TSH_500
14 Argon 600 ——— TSH_400
4- | —— TSH_300
Y ] — =TSS 850
5 121 o o °°7 ~ —TSS_500
PO ~ ~ — —TSS_150
5 " § g 400
2 08- 5 ©
2 ] 9 9 300 -
" 06 S £ 1
é 1 e = 2004
0,4 1
0’2_' ' | 100 -
0,0 - T T T T T T T I I T T T T T T T 0 I T T T T T T T
0 2000 4000 6000 8000 0 2000 4000 6000 8000 0 2000 4000 6000 8000

Time (s) Time (s) Time (s)
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Maximum rod
temperature
T1_550mm,
1655 °C

Power (W)

Temperature (°C)

CODEX-ATF results

|
1000 J External heater [ I
| —— Bundle heater |
900 :
800 = : e
700 - [— :
600 - :
500
400
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200 :
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0 2000 4000 6000 8000 10000 12000 14000 16000
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CODEX-ATF results

40 1800
|- —--T1.550 ——P1rod Pressurisation to 20 bar
35 - Burst at 25.7 bar ,: 11600
~850°C at 550 m d
| < 1400
30 A |
| —_—
—_ 41200 ©O
® 25- | g =
o ' o 8
~ | -4 1000 = ~
(] 2 o
I = 3
”n 41800 o N
9 | 8 ¢
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| e -
10 : - 400
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0 2000 4000 6000 8000 10000 12000 14000 16000
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40 1800
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HUN | & CODEX-ATF results
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0,23 | 1800
0,22 |
0,211 . s / - 1600 3
0,20 ettt S” BB S Py ' = my =299
0,19 - Muat an’t TVaante - 1400 2 ik
— ] Ee)
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HUN | & Images of the bundle (endoscopic

Oxide layers were formed on the upper part of the
bundle and the shroud



HUN | & Removed fuel rod segments ~590-630 mm, T__,>1350 °C

Rod No. 3 - Cr-coated optZIRLO™ ¢, o Rod No. 4 - optZIRLO™ ;.

oxidation of inner cladding surface mark of spacer grid



HUN | & Scanning electron microscope images

er part (~*590-610 mm) of Rod No. 3 - Cr-coated optZIRLO™

Cr-oxide rich region Zr rich
particles melted area

Electron Image 4

; #i £ 2 il - .
% HY curr det | mode | mag® | wD HFW use case —— 500 ym — 2\ curr det mode mag = WD HFW usecase | PW tilt | ———5pum———
3 2000kv | 16nA | T1 | A+B | 42x 7.0mm | 302 mm | Standard EK MFA 500kV 0.20nA T1 A+B 5000x 6.9mm 254 um Standard 16.5nm 0.0° EK MFA

o N - A b g o 5 ik ~7
HV curr  det mode mag ® WD HFW usecase | PW tilt | ——5pum——— % HV curr det 'mode mag ® WD HFW usecase | PW tilt | ———5um

2 20.00kv 1.6nA T1 A+B 50 Jx 7.0mm 254pm Standard 16.5nm 0.0° EK MFA 5.00kV 0.20nA ETD SE 5000x 6.9mm 254 pm Standard 16.5nm 0.0° EK MFA

melted area



HUN | & reached and further steps
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The CODEX-ATF experiment was successfully carried out.

The temperature values during the experiment were consistent with the results of the pre-test
calculations (NUBIKI, GRS, IBRAE).

During the experiment the temperature reached 1400 °C, above which eutectic formation occurs.

Cladding burst took place due to high inner pressure. Consequence of the opening the coolant
entered to the rod and started chemical reactions on both sides of the cladding.

Oxidation of zirconium produced 2.9 g of hydrogen. Cool-down of the bundle was performed with
water quench.

After the experiment, the bundle showed a significant degree of degradation: two cladding broke,
debris was created and fell from the upper segment.

The bundle was pouring with epoxy resin.
Further steps: post-test examination of CODEX-ATF bundle

— Computed Tomography (CT) scan of the bundle (measure the geometry of each rod —in
progress )

— Metallography will show the level of oxidation of the bundle (cutting into cross sections,
grinding, polishing - optical and scanning electron microscopy). .
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Oxidation of various ATF fuel cladding concepts

The presentation deals with the corrosion experiments and high-temperature oxidation of various ATF
concepts. The most promising near-term concept is based on Zr-alloys with protective coatings. Thin
layers of Cr, CrN, or multilayers such as CrNCr were deposited on the Zr-alloy substrate using the PVD
method under various conditions. These protective coatings are used to improve the mechanical and
corrosion properties of commonly used Zr-alloys during accident conditions. Another promising
concept is the use of new materials for fuel cladding such as chromium— nickel alloys or FeCrAl, which
have very high corrosion resistance and good mechanical properties even at high temperatures.

All the mentioned alloys were tested in autoclaves with VVER environment for long-term corrosion
tests and in an electric resistance furnace were exposed to high temperatures from 900 to 1300°C for
LOCA accident simulation. After the tests, the mechanical and microstructural properties of the
different alloys were exanimated by optical or electron microscopy and mechanical testing. The
measured data were then used to determine the thickness of the oxide layer, hydrogen absorption
and residual ductility, which are the fundamental limits of fuel cladding. The determination of these
properties will be essential for the implementation of ATF in commercial reactors.
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UJP PRAHA

ATF CLADDING CONCEPTS

* Development and testing of different concepts of Accident
Tolerant Fuels (ATFs) - 2 concepts:

1. Protective coatings on zirconium-based alloys
e Cr, CrN, CrNCr (IAEA ATF-TS)

2. New mate rials ACCIDENT TOLERANT FUELS - ATF
* CrNi ATF cladding materials ATF fuels
* FeCrAl Modification of current Advanced materials

Improved UO ;
cladding materials area, : i 2 High density fuel

- . - steels metals
Coated Improved
Zr alloys Zr alloys
Sic and Encapsulated fuel
ceramics

ATF non-fuel components

Accident Tolerant Accident Tolerant
Control Rods BWR Channel Box

2 Krejci, Jakub & Sevecek, Martin & Kabatova, Jitka & Manoch, Frantisek & Koci, Jan & Cvrcek, Ladislav & Malek, Jaroslav & Krum, Stanislav & Sutta, Pavol & Bublikovad, Petra & Halodova, Patricie &
Namburi, Hygreeva. (2019). Development and testing of multicomponent fuel cladding with enhanced accidental performance. Nuclear Engineering and Technology. 52. 10.1016/j.net.2019.08.015.



Long-term corrosion tests in autoclaves

Corrosion tests in autoclaves

- Static autoclaves (volume 4 dm3)

- Environment:

VVER (B: 1050 ppm, K: 16 ppm, Li: 1 ppm):
360 °C, 18.6 MPa

Sample Alloy Coating Thickness of coating (um) Methods of
deposition
ICr ZriNb Cr 6,4 arc-PVD
ICrN ZriINb CrN 5,4 arc-PVD
ICrNCr  ZriNb Cr/CrN 7,3 arc-PVD
Alloy Cr Al Y Mn Ni Balance
CrNi 41-43 <0,4 - <0,2 balance Ni
FeCrAl (B136Y3) 13 6,2 0,03 - - Fe
ADSS #B51 16,3 6,14 - 1,04 18,7 Fe




Long-term corrosion tests in autoclaves

: UJP PRAHA

VVER (B: 1050 ppm, K: 16 ppm, Li: 1 ppm): 360 °C, 18.6 MPa

60

50
Coated samples

— oxidation 10x

w N
o o
@O
— @

lower
g :
> 20 5 ;i @
£ 6 8
%10 ° X X X X
¢ X X X X X X X X X X
CrNi, —almostgo/ﬁg%zoooo0000000000
no oxidation 0 50 108 A iSO 200 250 300 350
-10 A A A
A A A A A A
FeCrAl (B136Y3)-—
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Time (days)
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LOCA: high-temperature oxidation

High-temperature oxidation in steam

Electric resistence furnance
Steam + Ar at atmospheric pressure

Double-sided oxidation + direct quenching

el

Post-experimental examination
- WG
- Destructive analyses

1200 - 18
ECR PCT
- 16 annz sample holder
1000 with thermocouple
— - 14
k) -E» Reduction
(=] N valve H
- 800 g % " Steam
; — generator
= - 10 o
S 600 = :
[} =] 1| Resistant
Q - 8 & :;gm furnace
€ "quench" o \
O 400 L6 a /Pump
= temperature, ol
ballooning" deformation - 4 ]
200 :
\> coating cracks ; — 2 s watr Woter
rupture
0 0
-50 0 50 100 150 200 250 300
Time [s]




1. Protective coatings on zirconium-based alloys

1. Uncoated Zr (Zr1Nb)
- J9.1x7.9mm
— Fuel cladding

2. Zr1Nb + Cr-coating
— PVD method (Hauzer Flexicoat 850)

— Thickness of coating 6,4 um

3. Zr1Nb + CrN-coating
— Thickness of coating 5,4 um

4. Zr1Nb + CrNCr-coating
— Thickness of coating 7,3 um

AS-COATED AFTER HT TRANSIENT

 Fig. 19. The design of the multicomponent cladding that avoids Zr—Cr eutectic reac-
tion and material inter-diffusion during high-temperature transients. Nitrogen is

- released from CrN to form ZrN above 975°C.

KREJCI, J.; KABATOVA, J.; MANOCH, F.;: KOCI, J.; CVRCEK, L.; MALEK, J.; KRUM, S.: SUTTA, P.; BUBLIKOVA, P.; HALODOVA, P.; NAMBURI H. K.; SEVECEK, M.

Development and testing of multi- component fuel cladding with enhanced accidental performance. Nuclear Engineering and Technology




HT oxidation of zirconium-based alloys with protective
coating - results

1200°C
8 - 80
7 ® OICrN @ ICr @ ICrNCr @12 L 70
= 6 ‘ ‘ = 60
S e
- o
54 oo ¢ § ¢ T " 40
>9< 3 ® . 30
O, o - 20
1 = 10
0 0
0 10 20 30 40
20 Time-CP (min) 140
60 OICrN @ ICr @ ICrNCr @12 | |
S
350 : - 100
930 o O 60
N
£20 g 40
= e
<10 ° ) 20
0 0
10 20 30 40

Time-CP (min)

-> Inhibits dlffu5|on of Cr into the

substrate and the format:"nv.of

eutectic

-> Stable at temperatures above .

1400 °C

Increase in residual
ductility (stabilization of
the a-Zr(O) phase)

ZriNb+CrN (1200°C / 30 min)

R o e ""*w""’"’{ ol oo a Salh st

ZriNb+Cr (1200°C / 9 min)

ZriNb+CrNCr (1200°C / 30 min)



HT oxidation of zirconium-based alloys with protective
coating - results

£5:°°0)7 UJP PRAHA

- Weight gain - Residual ductility
- Coating effectively - The coating extends the ductile-brittle
prevents oxidation transition time
through the outer wall of - Degradation of Cr-coating because of

than uncoated samples)

20 : 2500
__ 18 1 o ICrN ~ @ ICr
S ! £
X 16 ¢ g o 52000 O ICrN
= O @® ICrNCr
5 12 [ ® <1500 ) —AWG-CP:1200
210 6 ! oe® . 2% g ®
= 8 | 1000
s ) @) = = =ECR-CP 18%
© 6 |
D, , ® 500
o 1@ Q

2 Feeecccccccccccce-- [oc==-- ; ---------------------------

0 ! @ ) 0

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 55 60
ECR-CP2(%) Time -CP (min)



HT oxidation of zirconium-based alloys with protective coating {7 ue prana

* Degradation of Cr-coating -
* Difussion of Cr into Zr-substrate (L-phase formation at the W e

interface + enrichement of B-Zr Cr) — brittle phase at P | coating
Cr above ~ 1.5wt.% §
« Diffusion of Crinto Zr -> stabilization of B-Zr -> increased solubility £ a | 2
of O -> embrittlement even in areas of undamaged coating 3 . e
 Degradation of the coating by transport of Zr to the outer e —
interface . P E— 7 [Transition
* Fast acceleration of kinetics after loss of protective 5
properties of Cr g
& a2
3 G =

X1 X2
Distance from the Zr/Cr interface (X)

[ Prior-zrCr,+ 20° => 210, + 2Cr |
Heavely e Enric Oxygen
awidized/cracked Cr qu‘O; .oﬁzr - concentration NO‘longer

Cry0;  +intergr. Zr0, : .
\! protective coating

H,0 (flowing steam)~~

N1 X
Distance fram the Zr/Cr interface (X)

ZriNb+Cr (before oxidation, 1200°C / 15 min)

Brachet et al. High temperature steam oxidation of chromium-coated zirconium-based alloys: Kinetics and proces, Corrosion Science, 2020
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— coating methods

— Different coating methods
* Arc depositioning
* Magnetron sputtering
e Coldspray
— The quality of the coating does not depend on
the method used, but on the parameters
(energy, temperature)
— Coating damage-> oxidation under the layer

Defect - droplet

ZCSW-2004 1200°C 9min 20 ym  ZCr-212004 1200°C 9min 20 pm ICr-212001 1200°C 30min 100 pm

ZCSW - coldspray

10 Panjan, Peter & Drnovsek, Aljaz & Gselman, Peter & Cekada, Miha & Panjan, Matjaz. (2020). Review of Growth Defects in Thin Films Prepared by PVD Techniques. Coatings. 10. 447.
10.3390/coatings10050447.
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2. FeCrAl

Ferritic alloy (Kanthal®), various content of Fe-Cr-Al

Highly corrosion resistant—Al.Os oxide formation
High effective cross section for neutron absorption (-> cladding 400 um)

Material tested

B136Y3 from QUENCH-19 experiment, fabricated by Oak Ridge National Laboratory,
Fe-6.2Al1-13Cr-0.03Y (supplied from KIT 2022)

11




HT oxidation of FeCrAl {‘(IT ) uprrana

- Formation of a-Al,O; -> hight oxidation resistence o oo T"’*"Wl oo
- At temperatures ~ 1360°C Fe oxides significaly faster \m_‘M S e
@ gl ' — — 6-alumina kinetics | *
kl nEtICS 13? '. ‘: | s (;—alu.rgini.kintgtics L
- Al, O, formation depends on heating rate -> ramp ¥ o E
gradually, otherwise it breaks down and Fe oxides are 20 \On: | :
310-4% _ R _ .
formed 105} = HG“"Q el
o o . . 108 e i e % e i . 5. o i il 1
- Above 1350°C kinetics cannot be done without 107 i s e
. - L LD e P
continuous sample weighing T e 0 T

Fig. 10. Parabolic rate constants of B136Y3 and C26M2 as a function of temperature
with the parabolic constants of Fe-oxide [18], @-alumina [18] and #-alumina [19].

12 Chaewon Kim, Chongchong Tang, Mirco Grosse, Yunhwan Maeng, Changheui Jang, Martin Steinbrueck, Oxidation mechanism and kinetics of nuclear-grade FeCrAl alloys in the temperature
range of 500—1500 °C in steam,Journal of Nuclear Materials, Volume 564, 2022, 153696, ISSN 0022-3115, https://doi.org/10.1016/j.jnucmat.2022.153696.



HT oxidation of FeCrAl B136Y3

SKIT

Karlsruher Institut fur Technologie

WG-exp (mg/dm2)

A FeCrAl - 5 min @ FeCrAl - 30 min D FeCrAl - RAMP 6,5 m|n
6000

5000
4000

3000

93 G

2000
1375°C — RAMP 900

1000

1280 1300 1320 1340
-1000
T(°C)

13

1350°C 30 min

FeCrAl - 90 min

1360

1380

1360°C 5 min

X FeCrAl - 180 min

1375°C — 30 min

1400



HT oxidation of FeCrAl — SEM ﬂ(".

UjP PRAHA

JTERI4;
/\@P‘ &

Karlsruher Institut fur Technologie
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Al Ka 1088 0518 411 wi%
Fe-6.2Al-13Cr-0.03Y N
[} [ ] Ka . 1.802 8536 wi%

Elt. Line Intensity Errar Conc Units
(cis) 2-5ig

Elt. Line Intensity Error Conc Units

{cis) 2-5ig
( of el el Al Ka 101 0454 0.33 wi%
3k | cr Ka 176 0488 026 wi%
. /F*'C¢f* , \ / Ka 24316 2457 0041 wid

£ /@%j e

Elt. Line Intensity Errar Conc Units
(cis) 2-5ig

Al Ka 9497 0447 433 wi%
Cr Ka 514 0406  1.32 wi%
Fe Ka 16896 1.653 9435 wi%

Conc Spectrum Report
Spectrum Al cr Fe

Imagel-1 99.92 2.84 7.14
Imagel-2 3.34 12,75 83.90




Centrum vyzkumu Rez s.r.0.

3. Chromium-Nickel alloy

UjP PRAHA

Research Centre Rez

- 382 x7.2mm
—Ni-(42%)Cr-(1.5%)Mo
—FCC austenitic structure

—Grain size ~ 10.5 um
—Oxidation rate several orders of magnitude lower than Zr-alloys

a) TEM-BF

NI Cr austenltlc matrix [01-1] 1_43]
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HT oxidation - metallography G virrrana

\//V3Wd 10>

— Determination of kinetics in the temperature range 800 to 1300°C based on weight gain and
metallography results

— Determination of oxide (Cr203) and metal thickness => no significant wall loss
— Difficult to determine for lower temperatures (for long exposures maximum units of um)

— Oxide depletion at temperatures above 1200 °C => Effect on determination of oxidation kinetics (must
use metallography data)
EOx N211002 30min 1100°C L EOx N21001c 30min  1200°C sl m

N234006 Smin 1340°C

a

near the eutectic (1346°C), melting

occurs in the region at the grain
16 boundaries

Growth of the oxide layer- steam + Ar



Conclusion

Zr-alloy

Zr-alloy with
protective coating

Advantages

UJP PRAHA

Disadvantages

Low 2,
High resistance to corrosion cracking

Oxidation and hydrogen
production/absorption

Lower weight gain and do not absorb
hydrogen

Effectively prevents oxidation at elevated
temperatures

Reduction of hydrogen production (X
reaction of zirconium with water) and also
heat production

The coatings are hard, brittle and less able to
resist plastic deformation

Diffusion of Cr into Zr and stabilization of
beta-Zr

Significantly reduced oxidation (normal and
emergency conditions)

Significantly reduced hydrogen absorption
High residual ductility after steam oxidation

Corrosion -> dissolution of Al-oxides
Radiative embrittlement

Reduction of strength at higher temperatures
High effective cross section for neutron
absorption (cladding 400 um)

No embrittlement at low temperatures
High corrosion resistance

Good mechanical properties at high
temperatures

Resistance to corrosion cracking

Degradation of mechanical properties in the
temperature range 450-550 °C

Melting at ~ 1355 °C

High 2a for thermal neutrons
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Thank you for your attention

This work was perfomed within project IAEA ATF-TS, TACR
K04030168, TN02000018, TM04000018
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1200
DSS [this study]
E A T China-FeCrAl [16]
=
£
pre]
(e)] -
@ 800 - |
- ] ORNL-FeCrAl [3] _ _
w TABLE 2 Tensile properties tested at room temperature for ref-
_Q ] p : erence materials and alumina-forming duplex stainless steel (ADSS)
@ : : alloys
C -
2 500- ! Yield  Tensile
! Commercial FeCr i Materials Strength, Strength, Elongation,
1[17 and this study] (Grade) Remark MPa MPa %
| ADSS CR + FA 929 + 30 1198 + 10 20.5+ 0.4
#B11 condition
400 s e e e ADSS 1026 +9 1264 +12 139 + 1.0
10 20 30 40 #B32
Total elongation [%] ADSS 930 + 32 1129 + 38 18.5+ 0.8
#B51
; ; ; APM c ial 9+0.
FIGURE 8 Tensile strength as function of total elongation of Ji ity RO U D
. . : 3108 oys 299+8 S80+15 519+ L1
alumina-forming duplex stainless steel (ADSS) alloys, wrought
DSS 2205 629 + 24 830 £24 342+ 1.2
FeCrAl model alloys, and commercial FeCrAl alloys [Colour figure Zircaloy4 Reference 20849 48141 182406
can be viewed at wileyonlinelibrary.com] materials

Kim, Chaewon & Kim, Hyunmyung & Jang, Changheui & Kim, Kangsan & Kim, Yonghee & Lee, Seungjae & Jang, Hun. (2019). Feasibility assessment of the alumina-forming duplex stainless
steels as accident tolerant fuel cladding materials for light water reactors. International Journal of Energy Research. 44. 10.1002/er.5021.
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Transition of the Zr(Cr, Fe); intermetallic phase up to the eutectic
temperature

The development of Accident Tolerant Fuel (ATF) had been started by conducting the investigation on
new concepts to improve the safety of Light Water Reactors (LWRs). It is well known that the Cr coating
on Zry cladding has shown an improvement in behavior under accident conditions and normal
operation [1-4]. Many research groups around the world have conducted the high-temperature
oxidation and LOCA tests on Cr-coated Zry under accident conditions and proposed a mechanism for
the degradation of Cr-coated up to 1500 °C under steam atmosphere [1-3]. In the Cr-Zr system, the
eutectic phase of ZrCr2 is present at 1332 °C and forms as intermetallic compounds. Fe as alloying
element in Zry-4 leads to the dissolution of Fe and segregtion of the Zr(Cr, Fe)2 intermetallic phase.
There is still lack of data on the evolution of the intermetallic phase when the oxidation temperature
reaches the eutectic temperature of Cr-Zr. Therefore, the purpose of this study will be to understand
the solid-to-liquid phase transition of Zr(Cr, Fe),.

In this study, a high-temperature oxidation test was performed by using a tubular type of Cr-coated
Zry cladding with an initial composition of Sn = 0.8, Nb = 0.5, Fe = 0.2, and Cr = 0.1 (wt%). High
temperature oxidation tests were performed in a steam atmosphere to the target temperature (i.e.,
1100 °C, 1200 °C, 1300 °C, 1350 °C, and 1400 °C) for different exposure times of 5, 30, and 60 min.
Steam was introduced at target temperature and cooled down under Ar flow. After the test, the
microstructures and chemical compositions of the specimens were characterized by using electron
probe mciroanalysis (EPMA, JEOL JXA-iHP200F, Japan).

From the tests, the transition of Zr(Cr, Fe), that formed at the Cr-Zr interface and also that precipitated
in the Zry cladding were studied with varied oxidation time and temperatures. The microstructural
evolution of the intermetallic phase was observed in the Zr substrate within the progress of the
oxidation of Cr-coated Zry. A dendritic structure was observed at 1400 °C, indicating the formation of
the Zr(Cr, Fe), liquid phase when the oxidation temperature is above the eutectic temperature. The
details of the oxidation behaviour and microstructural evolution obtained in this study and reported
in [5] will be discussed in the presentation.

References:

[1] Brachet et al. Corrosion Science, 167 (2020) 108537.
[2] Liu et al. Corrosion Science, 192 (2021) 109805.

[3] Yeom et al. J. Nuclear Materials, 526 (2019)151737.
[4] Okada et al. TOPFUEL 2021 Proceeding, 2021.

[5] Mohamad et al. Corrosion Science, 224 (2023) 111540.
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Transition of the Zr(Cr, Fe),
intermetallic phase
up to the eutectic temperature
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Background

Cr-coated Zry cladding as a near-term accident tolerant fuel (ATF) development.

Operation states Accident condition
Steady state! Anticipated operational Design Basis Beyond Design Basis ) ie;’li;ets
Normal operation (NO) occurrences (AOO) Accidents Accidents
~ (DBA) (BDBA) (SA)
@- . 9
Okada et al. (2021):
Corrosion testing using an autoclave showed that the weight gain of the Cr-coated Zry
cladding was significantly lower compared to the uncoated Zry cladding.
Purpose:

* The oxidation behaviors/mechanisms are well reported by others e.g. Brachet et
al.(2020) & Liu et al. (2021).
* To understand the transition of the intermetallic phase when reaches T,

utectic®

28t Quench Workshop, 5 December, KIT. Contents have been published in Mohamad et al. Corrosion Science, 224 (2023)111540. To the Future 7 IAEA



Intermetallic phase Alloying element in Zry cladding e.g. Fe

— Dissolution of Fe in the Zry substrate
—Formation of Zr(Cr,Fe), phase

Weight Percent Chromium
0 10 20 30 40 S0 € 70 80 90 100

1900 m-—-—*--—r-“—-—l‘——-—r—h—.ﬁq—L.—,—_h__,_h_—b— e .

18 wt%
Alloy Sn Nb Cr Zx
M5 N/A 1 0.015 Bal.
ZIRLO 0.6-0.79 0.8-1.2 N/A Bal.
) Zry-4 1.20-1.45 N/A 0.1 Bal.
o : i MDA 0.8 0.5 0.1 Bal.
ml;},%m s | Example of formation of Zr(Cr, Fe), phase from the Cr-
700 éﬁ“ {? P e coated Zry cladding.
Zr Atomic Percent Chromium Cr
Zr-Cr phase diagram. (Arias, 1986)

.
Cr /
Zr(Cr,Fe),

 Lowest T, ..ic = 1332 °C
* Cr has max. solubility ~8 at% in (3-Zr

(1332°C) D o
* Cr has max. solubility ~0.49 at% in a-Zr - (Er,/F 0, " \ Precipitation
(836°C) precipitates

 ERBAIFAD
28t Quench Workshop, 5 December, KIT. To the Future /JAEA



Experimental

Oxidation test Characterization

Cr-coated Zry
(MDA-Mitsubishi Developed Alloy)

Thickness: 10 um 0
. . ] IJ. . Temp eAmture( © Temperature: 1100 -1400 °C EPMA
Coating technique: Sputtering deposition Time: 5, 30, 60 minutes Electron probe micro analyzer
Temperature Oxidation
N stabilize time
N |
S/ I
S | RAMAN
| |
| |
. . spectrosco
Ar : Ar : Steam p Py

Fig. (a) Cladding tube and (b) cross-sectional of Cr-coated Zry
cladding manufactured by MNF. (As-received)

Characterization on the cross-
sectional samples.

One-sided coating on the outer surface of MDA
Zry cladding. (Double-sided oxidation test)

Steam was introduced at target
condition.

AETAIFAS
28t Quench Workshop, 5 December, KIT. To the Future /JAEA



eutectic

Results: Intermetallic phase <T
0Cmin /

e.g. Protective coating

o e e

Interlayer: y Substrate:
Zr(Cr, Fe), phase formation at Cr0s Zr(Cr, Fe), phase precipitation
the coating/substrate interface e within the substrate

and beneath the Cr-metal layer. ziCoke. s Inward diffusion of Cr into Zr (Cr
— Solid-state reaction between e Fe):}reci/pttates ) own higher diffusion coefficient
the coating and substrate than Zr)
. . O . 3 . .
28 Quench Workshop, 5% December, k17, ZL(CL.F€), exist at the interlayer and precipitate within Zry substrate. . ...5%5325




Results: Intermetallic phase = 5

eutectic

e.g. No longer protective coating Cr,0,

Cr-ZrO,

0,-(Cr,Fe)

Zr(Cr,Fe), oxidize at initial stage
—7Z10,, Cr+Fe (no Raman spectra)

‘\?-,

INEEN TN A WEENITIYA

| 3 bl
Zr(Cr,Fe),eutectic’

28t Quench Workshop, 5t December, KIT.

_Cr,05

7 Zr0,.(Cr, Fe) _ {

VAL

Cr-Zr0,

a-Zr(0)

Substrate:

ZI‘OZ

Zr(Cr,Fe), phase are present as globule microstructure (center Zr substrate)
—Inward diffused Cr precipitate between B-Zr and a-Zr(O)

Zx(Cr.Fe), at the interlayer is oxidized and forms a globule
microstructure within the Zry substrate.

. EBEAIFAT
Tothe Future /JAEA



Results: Intermetallic phase >T_ ;. qic

_ (Oxygen become saturated) Raman SPeCtTOSC_OPY 3
e.g. No longer protective coating -

= )

1000 1500
Raman Shift [cm-1]

Fe-O or Fe-Cr-O
g 684 cm-!

"‘

|

024681 0246810 0246 810
© €r,0,210, Interlayer: Xlum] X fom) Xlum]
R s - Qs FeO? Intermetallic phases are completely oxidized and produced Cr,0O,,
dpin | _z0, FeO agglomerate in the ZrO, layer.

—Migration rates of Fe in ZrO, is much higher than Cr,O,.
[Pecheur et al. 1994]

10pm Substrate:
Z1(Cr, Fe), phase is positioned within the o-Zr(O) and ZrO R A 7A

T6the Future /JAEA

28t Quench Workshop, 5 December, KIT.



Results: Intermetallic phase >T,
_ (Oxygen become saturated)

e.g. No longer protective coating

utectic

Dark grey region:
Cr-Fe rich region

Light grey region:
Zr rich region

ZrO,

b=
Aia i J 4]
e
gtk {1 F o
. “'.'_L_\_ k-
R . i, ’
L o 8 ¥
=MW, Kk 1 '
' ol ¥ Tl 113 .
a T Ll A
Bt L

Beginning of oxidation: Significant oxygen (both sides): Significant oxygen (both sides):
Migration of Cr into (3-Zr |:> Remaining Zr substrate [:> Cr migration driving force may
approximately 18um (almost disappeared
become saturated with O) —liquid formation at ZrO, (outer side)
28" Quench Workshop, st December, kit ZL(CL.Fe), within the substrate becomes the liquid phase. o ehe Fupa X eS




Results: Intermetallic phase >T

eutectic

Reported by Brachet et al. Corrosion Science 167 (2020)108537 Present study
Cr-coated M5

Framatome ZFY Cladding Cr-coated MDA-Zry cladding

- = Cl'zo 3.ZTO 2

ZrO 2

ZrO 2

’ . = Double-sided steam oxidation test at 1400 °C for 360s.

WNWJWL ]

=N 0 W
o o o o

Gso  Priorfy ~cz-o-te , ¢ Liquid phase is observed in  Liquid phase is observed
® a0, dendude et Clﬁw e 15 B
ey “ |1 AN T . the a-Zr(O) along the ZrO,
BB Il Il ! | | 1,'[;1,; | .. » Not saturated with O » Saturated with O
B MMW .
0 2 a0 &0 The difference in the liquid phase structure between

Distance(pum)

One-sided steam oxidation test at 1400-1405 °C for Brachet et .al and this study may due to the Fe
100s with water quenching to RT. concentration between M5 and MDA.




Discussion-1: Phase transformation

Cr-Zr-Fe system from TAF-ID database + Position of the chemical compositions obtained from EPMA.
1200 °C Zx 1300 °C Zr

0

Cr: 62, Fe:3, Zr: 35 (at‘%;? Cr: 52, Fe:13, Zr: 35 (at%) Liguid

Liquid 08

C14 Laves + Liguid

C14 Laves+ Liquid
C14 Laves + C15 Laves

C15 Laves

C14 Laves
C14 Laves

) e . f ] EERRR \ 0.y rree ey
Croo o1 02 03 04 05 06 07 0B 03 10 Fe Cr oo oo 02 03 04 05 06 07 08 09 1.0
A Mole fraction Fe A Mole fraction Fe

1200 °C: C15 Laves phase of Zr(Cr, Fe),
1300 °C: C14 Laves phase of Zr(Cr, Fe),.. Fe enrichment

Identified the Fe difference below and up to the T ———

eutectic= To the Future /JAEA

28t Quench Workshop, 5 December, KIT.



Discussion-2: Transition of Zr(Cr, Fe),

Zr(Cr, Fe),
w1th1n 710,

Zr(Cr, Fe),
within B-Zr

Cr,05

™" Zr(Cr,Fe),
Zr

0,

Zr(Cr,Fe); precipilates

O concentration

3

- Distance from surface

Solid
phase

DIntermetallic at interlayer

Zr(Cr, Fe), at the center
(B-Zr and a-Zr(O)

K]
. g ¢ R
e N ¢ ¢ N 2
5 § &4 & 8 N
E
| Vi
> 2
., £
e 2
| 3
)
X z
< =
o oo
]
[~
rd
[
|
~
p
=
"
-]
=
]
o] §
‘Dlstance from surface
Solid+liquid
phase

—QOxidize to ZrO,, Cr,0O;, and Fe-O

Zy(Cr, Fe),

within a -Zr (O)

@0
»
Zr(Cr,Fe), t;.uteclic

O concenltration

‘ Distance from surface

BEa - tiguia
phase

(@Intermetallic within substrate

O concenltration

ZriCrFe),
1

# Distance from surface

Liquid
h phase

10

— Transformation from solid to liquid
Thickness of the ZrO, layer or oxidation from the inner/outer play a significant role in the

28t Quench Workshop, 5 December, KIT.

formation of the Zr(Cr,Fe), phase within Zry substrate.

: S FAIFAS
Tothe Future /JAEA
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Conclusions

Major phenomena observed under an isothermal oxidation condition

Beginning of significant oxidation of the substrate
(=loss of coating protectiveness )

Protective >

No Longer Protective — >

|->

@)
G
N
M
S

Cr metal Dual-phase of; Cr-Zr Cr,05-Zr0O,

Low Fe con

Intermetallic compoun -m?'erlayer Oxidation of intermetallic layer

ZrO, beneath the Cr-Zr interlayer

. Low Fe conc.
Intermetallic compound-substrate

e.g. 1100°C/30min

Eutectic phagggh Fe conc.

Future work: Need to confirm the ductifity/brittleness of the cladding ( OCA/HT).

T RMEAIFAS
28t Quench Workshop, 5 December, KIT. To the Future /JAEA




Additional slides



Results: Protective & no longer~

Declaration: The current data correspond to double-sided oxidation test using tube sample. Other sample and test types may produced different data.

Temperature/°C
No longer protective
1400 coating
|
Formation of ZrO, at
the outermost surface
1300
=" No ZrO, at the
1200 l outermost surface
1100 , _
Protective
coating 199 : :
» Time/min
5 30

ERAIFAS
28t Quench Workshop, 5t December, KIT. To the Future /JAEA



Results: Protective & No longer

1100 °C/ 30 min 1100 °C/ 60 min 1200 °C/ 5 min

crzug e

i 01—
Cr,0, Cr,0, Zr(Cr, Fe);— —
Cr —

Zr(Cr, Fe), = =

Cr. - "
Zr(Cr, Fe);— —

Zr
Zr Zr
1200 °C/ 30 min 1200 °C/ 60 min 1300 °C/ 5 min
Cr,0; = =
0, =
Sia Cr-ZrO
cr.0 Cr-ZrO,
r;Us —
Zr(Cr,Fe), _ Zr0,(Cr, Fe)
Cr-ZrO,
Zr(Cr, Fe),
Zro, Zro,
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Results: Surface analysis
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Recent and ongoing experiments on the high-temperature oxidation and
degradation of Cr-coated Zr alloy

The oxidation and degradation of Cr-coated zirconium alloy cladding alloys has been extensively
investigated during the recent years and the mechanisms are widely understood. For modelling and
validation of models, data are needed reflecting the effects of coating thickness (and quality), ambient
atmosphere and accident scenario. Recent and current experimental activities at KIT took this into
account.

Thermal balance systems were used to investigate the effects of transient heating rate, Cr coating
thickness and atmosphere composition on the oxidation kinetics and degradation. The results
presented here are partially preliminary.

The effect of transient heating rate was investigated from 2 K/min to 50 K/min up to 1380°C (i.e., 50 K
above eutectic temperature) in oxygen atmosphere. The results have been published in
https://doi.org/10.1016/j.jnucmat.2023.154538. Coating failure at eutectic temperature connected
with accelerated oxidation rates was observed for the 5-50 K/min tests. Higher mass gain rate (=
oxidation rate, = H2 release rate) of coated samples compared to non-coated samples after failure of

Cr coating were seen. The higher the heating rate, the higher was the oxidation rate after failure. The
mechanisms are discussed based on metallographical post-test examination, and potential effects on
accident progression are considered.

Various test serious on the effect of Cr coating thickness (5-25 um) on the degradation of the protective
effects are ongoing. Transition time from protective to non-protective coating increases with Cr
thickness in isothermal test series at 1000 and 1200°C as well as in transient tests with 30 K/min
heating rate. Local coating failure was observed for the thickest coating (25 um).

Very preliminary tests with Cr-coated Zry-4 plates in O,, H,0O, and H,0+0; showed an effect of the
atmosphere on mass gain curves and post-test appearance. Strongest oxidation was observed for the
mixed atmosphere. However, these results have to be confirmed, also because of relatively strong
(non-coated) edge effects observed for all samples.


https://doi.org/10.1016/j.jnucmat.2023.154538

AT SIAM

Karlsruhe Institute of Technology Institute for Applied Materials

Recent and ongoing experiments on the high-temperature
oxidation and degradation of Cr-coated Zr alloy

M. Steinbriick, D. Kim, I. Lee, M. GroRe, C. Tang, U. Stegmaier
28th International QUENCH Workshop, Karlsruhe Institute of Technology, 5-7 Dec 2023

Institute for Applied Materials, Programme NUSAFE
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Outlook ﬂ(IT

m Experimental facility

m Effect of heating rate (published)
m Effect of Cr thickness (ongoing)

m Effect of atmosphere (preliminary)

m Conclusion

2 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



Experimental setup ﬂ(IT

Karlsruhe Institute of Technology

m Netzsch STA449 in TG mode coupled with steam generator and
mass spectrometer

Steam  STA with two Mass Hanging sheet sample
supply furnaces spectrometer on TG holder

3 December 2023 28th Int. QUENCH Workshop Martin Steinbriick KIT — 1AM
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Eutectic reaction and oxidation behavior of Cr-coated Zircaloy-4
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Effect of heating rate on eutectic reaction and

oxidation of Cr coated Zr alloy

Cr coated Zry-4 plates (17 um PVD)
Thermal balance

Ar/oxygen atmosphere

Heating up to 1380°C (50 K above
eutectic temperature) with varying
heating rates from 2-50 K/min

1400 T T H I H T T T T T T T
1200 | i
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S ool |
©
3
£ 600 = 'Cooling _
e 1 ——50 K/min| |
400 =/ Oxygen flow starts — 30 K/min| 7
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TG results
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® Coating failure (5-50 K/min) at eutectic temperature

® Higher mass gain rate (= oxidation rate, = H, release rate) of coated samples
compared to non-coated samples after failure of Cr coating

@ The higher the heating rate, the higher the oxidation rate after failure

6 December 2023
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Post-test appearance ﬂ(IT

Karlsruhe Institute of Technology

2 K/min 5 K/min 10 K/min 30 K/min 50 K/min

Coated

Uncoated

More pronounced “crocodile skin” surface at higher heating rate is an
indication for more melt formation

7 December 2023 28th Int. QUENCH Workshop Martin Steinbriick KIT - IAM



Karlsruhe Institute of Technology

Micrographs of cross sections .\X‘(IT

o BT

% Increasing melt formation with
increasing heating rate

8 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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Mechanism
T<T

eutect

Short oxidation
(higher heating rate)

Long oxidation

(lower heating rate)

Very Long oxidation
(much lower heating rate)

=

T

eutect

Karlsruhe Institute of Technology

@ Thicker remaining metallic Cr layer at eutectic temperature during shorter

oxidation at higher heating rates

@ More eutectic melt formation at higher heating rate

December 2023 28th Int. QUENCH Workshop

Martin Steinbrick
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Estimated heat generation due to oxidation in steam _}“_(IT
after coating failure

10 } — 50 K/min -
3 — 30 K/min
—— 10 K/min
5 K/min
| R | R Decay heat [E. Shwageraus Et al. 2009] i

~eo
Sean
.
.....

Estimated heat generation [W/cm]
(o)
1

0 é 4 l 6 8 l 10 12 . 14
Time after eutectic reaction [min]
@ Significant heat generation after eutectic temperature is reached and coating

had failed

B For highest heating rate chemical heat can be higher than decay heat after
shutdown

B Prototypical heating rates will be even higherand T will be reached later

after shutdown

eutect
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(ongoing study)
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itute of Technology

Test matrix

®m Zry-4 samples were coated by magnetron sputtering with Cr in
five different thicknesses: 5, 10, 15, 20, and 25 um

m Test seriesin STA (conducted)
m 2 hours at 1000°Cin steam
m 1hourat1200°Cin steam
m Transient tests up to 1380°Cin O,

m Test series in BOX furnace (planned)

m In steam at temperature >1200°C to be defined

12 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



TG results isothermal tests ﬂ(IT

Karlsruhe Institute of Technology
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TG results transient tests

14

Transient RT- 1380°C, O,
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#» Transition time from protective to non-protective coating
increases with Cr thickness for all three test series
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Post-test appearance of 1200°C samples ﬂ(IT

Karlsruhe Institute of Technology
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Ridge formation on 25 um Cr samples
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Isothermal tests at 1200°C in steam: macrographs -}“—(IT

December 2023

15um 20 um

28th Int. QUENCH Workshop

25 um

Significant ridge
effects

Uncoated reference
sample fragmented

Almost complete
oxidation of the 5-um
sample

a-Zr(O) formation in
10-pum sample

Local effects at 25-pum
sample

Martin Steinbriick KIT — 1AM



SEM BSE images of 1200°C samples ﬂ(IT

Karlsruhe Institute of Technology

10 pm—
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EDS mappings of 1200°C samples ﬂ(IT

Karlsruhe Institute of Technology

CrKa [R], Zrla [G], 0 Ka [B] 15KV 5000x WDS& mm CrKa [R], Zrla [G], O Ka [B] 15KV 2000x WD7 mm Crka [R], ZrLa [G], O Ka [B] 15kV 2000x WD7 mm 10 pum —

um

o ZrC, precipitates in
o/ Zry
e 7rO, pathes along
Cr grain boundaries
(not through-going

CrKa [R], Zrla [G], O Ka [B] 15KV 2000x WD7 mm CrKa [R], Zrla [G], O Ka [B] 15KV 2000x WD7 mm for 20/25 I_,lm)
20 um

~
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Special feature only for the 25 um sample ﬂ(IT

Karlsruhe Institute of Technology

Failure of Cr coating
during oxidation

Indication for too thick Cr coating resulting in thermo-mechanical mismatch?

19 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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(very preliminary results)
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Background .\“_(IT

Karlsruhe Institute of Technology

m According to Brachet (Cor. Sci 2020), volatility of Cr,0, is
negligible up to 1300°C

m However, volatility is strongly dependent on composition of

atmosphere
10 = .y .
Y /// % Effect of gas composition
e ol = on oxidation?
Q 0.01 /s . .
R m Oxidation of Cr-coated
g 1E4) g o
i esp G0, ¥ H.0 Zry-4 plates at 1200°C in
S 1es // _._g:zgaigzo*'oz O Hzo
1E—7; 2¥3 2
sl | N s O,
600 800 1000 1200 1400 1600
Temperature, °C a HZO + 02

Cr,05(s) + 2H,0(g) + 1.50,(g) — 2Cr0,(0H),(g)
Cr,05(s) + 1.50,(g) — 2Cr05 (g9)
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TG results
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Cr/Zry-4 plates at 1200°C

IT

Karlsruhe Institute of Technology

0, =

H,0 /
[ |——H,0+0, /

//
|
20 60 80 120
Time, min
28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM



Post-test appearance -}“_(IT

o, H,O H,0+0,
Significant edge effects

Strongest overall oxidation in steam-O,
mixture

Thickest Cr oxide scale in steam

More systematic experiments needed

23 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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Conclusion

m The oxidation and degradation mechanisms of Cr-coated Zr
alloys are understood

m Coating thickness (and quality), temperature history (heating
rates) and boundary conditions (composition of ambient
atmosphere) affect oxidation kinetics, mechanisms and duration
of protective behavior of Cr coatings

m 15-20 um Cr thickness (PVD) seems to be the best compromise
between protectiveness and mechanical compatibility with Zry
bulk of the coating

24 December 2023 28th Int. QUENCH Workshop Martin Steinbrick KIT — 1AM
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M. Kolesnik (presented by J. Stuckert)
KIT

Modeling of hydrides morphology in zirconium tubes loaded by internal
pressure after slow cooling

Hydrogen embrittlement of zirconium alloys occurs due to the presence of a hydride phase in the metal
matrix. The ductile-to-brittle transition in the fracture mode of hydrogenated zirconium alloys can arise
when hydrides form an interconnected network and provide a path for the brittle crack through the
thickness of the loaded specimen. Therefore, the morphology of the hydrides largely determines the
fracture mode of hydrogenated zirconium alloys. This presentation is dedicated to numerical
approaches for simulating the morphology of hydrides in zirconium alloys. It focuses on the modelling
of fuel rod cladding under conditions typical for spent nuclear fuel handling and storage. The basic
approach simulates average values of the following main morphology parameters during heating and
cooling: orientation, average size and spacing between hydrides. The effect of cooling rate in a wide
range on morphology has been analyzed based on the numerical study. Further development of the
approach simulates hydride continuity metrics widely used in practice. Coupled with the Monte Carlo
method, it is possible to predict not only average values of the morphology parameters, but also their
statistical distribution, and thus the probability of local critical hydrogen embrittlement.



28t International QUENCH Workshop
\ Karlsruhe Institute of Technology, North Campus
B\

December 5 — 7, 2023

Karlsruher Institut fur Technologie

Modelling of hydride morphology in
zirconium tubes loaded by internal
pressure after slow cooling

Mikhail Kolesnik
/presented by J. Stuckert/
Karlsruhe Institute of Technology



Hydrogen embrittlement of Zr alloys:
the role of hydrides

Hydrides serve as fracture

P ] =y
> [ J A -
=
Sy i Intragranular hydride

Hydrides proved an easy pathway for
the brittle crack propagation

[1]
[2]
[3]

Failure of
p® hydride by
cleavage
Ductile
* Failure of
matrix
Brittle fracture of Zr alloy is localized in hydrides
Le Saux et al Eng. Fail. Anal., 17 (2010) 683-700; DOI: 10.1016/j.engfailanal.2009.07.001
Reali et al. J. Mech. Phys. Solids, 147 (2021) 104219; DOI: 10.1016/j.jmps.2020.104219 2

Gopalan et al. J. Nucl. Mater., 544 (2021) 152681; DOI: 10.1016/j.jnucmat.2020.152681




Hydride morphology and ductile-to-brittle transition (DBT):
a brittle crack percolation

Hydrides can be considered Integral morphology metrics: continuity of hydrides

as platelets and

characterized by three

following parameters: Accumulated Hydride Length (AHL)  Radial Hydride Continuity Factor
Hydride Continuity Coefficient (HCC) (RHCF)

(1) orientation P . T outer

(2) length | e | |1 e

(3) spac i

) spacing |

AHUThickness= 0.64

T

—
(AHL/Thickness= 0.12

y Surface

220

200

180

160 4

140 |

DBT condition is the threshold continuity of hydrides

Fan

M.
M.

g et al. Mat. Charact., 134 (2017) 362-369; DOI: 10.1016/).matchar.2017.11.013
yakatsuka and S. Yagnik J ASTM int. 8 (2010); DOI: 10.1520/JA1102954 3

[1]
[2]
[3] Billone et. al. J Nucl. Mat. 433 (2013) 431-448; DOI: 10.1016/j.jnucmat.2012.10.002



What processes determine the morphology of hydrides?
nucleation of hydrides

Approach:

Governing equations:

heterogeneous nucleation in the classical approximation

R =NZj* - exp(—AG*/kT) nucleation frequency
AG*= Q' (gm — Au/v)+ Sy — G4 Gibbs free energy change

Ap = x- kT -1In(Cs/C,)

gm = Oy€
vacant sites

R | nucleation frequency Ap | chemical energy change

N | density of nucleation sites v | atomic volume of Hydrogen

Z | Zeldovich factor vy | metal/hydride surface energy

j* | diffusion flow of H to the critical nucleus | yg4| grain boundary surface energy

AG* | Gibbs free energy of the critical nucleus | x | molar fraction of H in hydride

Q* | volume of the critical nucleus C,; | H concentration in solid solution

S* | surface area of the critical nucleus C, | equilibrium H concentration

9gm | mechanical energy of the critical nucleus | o, | yield stress of Zr matrix

G, | defect energy e | volume dilatation

chemical energy change
mechanical energy
increment of hydrides

vacant sites

G, probability density

. Gag .
distribution of nucleation 4
sites over the defect energy

occupied sites



What processes determine the morphology of hydrides?
diffusion growth and orientation function

Diffusion growth of hydrides:
H concentration in solution C, tends to its equilibrium value C, with characteristic time 1,

A spacing of hydrides

dé, 1 2
- _——(C,—C,) =0, Ty = A D diffusion coefficient

dt 79 " aD

a geometric factor

Orientation function:
The Gibbs energy change difference of hydrides with two orientations is assumed to be

a linear function of external stresses. Assuming C, = 0 - Cy:

.
dcr — d_E) + 9% Ch H concentration in hydrides
de ~ et A o _ F—9 dG, v e

<dCr dc, T C.dt C, concentration in radial hydrides
dr E‘E 0 fraction of H in radial hydrides

k 1—f, E, orientation function

fr= 1+ exp(—(AG; — AG;)/kT) i fi, fo | texture and microstructure factors

AG; — AG! = 6 - AQ* — kT - 1n f, 5



Average morphology parameters simulation
ODE system numerical solution

ODEs for precipitation: ODEs for dissolution:  Independent variables:
(dC;, Cs—C (dc C.—C
SR R oS 28 ved C, | H in solid solution
dt To de To : : : :
@ FE —0 dc de 0 | fraction of H in radial hydrides
it~ ¢ dt < qp - const n, | volume density of rad. hydrides
dn, n, | volume density of tan. hydrides
< dn, —— = const
=F. - J R(Gy) - dGg dt
dt dn;
vac.site —— = const
:  dt
n
d_tt =(1-F)- J R(Gg4) - dGg
\ vac.site

The model can simulate: The model can not simulate:

1. average orientation 1. cont.inuity metr_ics_ -
2. average size 2. spatial and statistical distributions of parameters

3. average spacing 6



Simulation results: slow stepwise cooling
approach based on ODE system solution

Simulation parameters: . 9400
Samples: . %;as—fllled tubes, Zircaloy-4 45300
H concentration: 00 and 300 Bpm =
Internal gas pressure:106 and 146 bar (ggp = 88 and 121 MPa) 2w
Maximal temperature: 400 °C 3
Minimal temperature: 200 °C =100 |
Cooling rate at step: ~ 1072 °C/sec (5 °C/hour) 7 time, days
Average cooling rate: ~ 107> °C/sec (1 °C/day) % 50 100 150 200
c 250 300 ' ' c 0.5 ‘ ‘ ‘ 0.5 . . ‘
S oo P! S ,, H=100ppm S, H=300ppm
= G 121 MPa B
S 150 , 4= 03 T © 03| *
= 00 ppm " - 121 MPa
= 100 PP 202 88 MPa 502 !
c 0] . | £ ot 201 - |
T , ‘time, days — . | | time, days S ; | | time, days

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
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Simulation results: slow stepwise cooling
approach based on ODE system solution
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The morphology of the hydrides is a function of their initial state in the
300 ppm samples, but not in the 100 ppm samples. 8




Simulation results: the effect of cooling rate
approach based on ODE system solution

400 C?Emm ‘ ‘ , ‘ 1072 ‘ ‘ ‘
> S H=300ppm o £10°
= 510" Ny
- < n D 4 |
"é’ 200 N ol %,_210 H:BOOppm
S 5" H=100ppm S,
& 100 2 408 | Q-0 '
()] h o
+ . . 1 0

time, days S . cooling rate, °C/sec , cooling rate, °C/sec
O0 50 100 150 200 250 © 1010'5 10%  10° 10? 107 10° 1010'5 10%  10° 10?2 10" 10°

Partial dissolution of hydrides (300 ppm, 400 °C):
Hydride morphology is weakly dependent on cooling rate. Laboratory tests simulate dry
storage conditions well.

Complete dissolution of hydrides (100 ppm, 400 °C):

Morphology is strongly dependent on cooling rate. Laboratory tests conducted at higher
cooling rates may not produce conservative estimation of ductility for the purpose of
justifying dry storage conditions. 9



How to simulate statistical distribution of morphology parameters?
coupling with Monte Carlo method

The simplest approach: randomise hydrides in 3D domain (with given density, size and orientation)

Additional assumptions:
1. simulate nucleation and growth of hydrides (randomize the hydride density)
2. consider competition among neighboring hydrides for Hydrogen (clustering effect)

0.5 ‘

——

0
0 0.5

Cross-section of the 3D domain and four
hydrides as a result of simulation.
Any morphology metric can be estimated as
In experiments on micrographs.

A 3D domain with nine random hydrides and Voronoi tessellation.
Voronoi cells limit the amount of hydrogen available to each hydride. 10



Simulations result: continuity metrics and their distribution
coupling with Monte Carlo method

Simulation parameters:

3D domain: 0.1x0.6x0.3 mm
H concentration: 100 ppm
External stress: 88 and 121 MPa
Temp. scenario. stepwise cooling
Maximal temp.: 400 °C

Minimal temp.: 200 °C

Number of simulations: ~1000
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| simulations

- length, um

number of cases

number of cases

80

60 |

40}
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W
20’.
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4

]
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\

m HCC

0

80

1 Ly H=100 ppm
\‘\O'gg =88 MPa

40 ¢

20 ¢

0

0.2 0.4 0.6

0.8

1

«—972 cases

\\._

HCC

0

0.2 04 0.6

0.8

1

Calculated statistical distribution
of HCC (AHL) metric:

2 |

o
%1-5 L~ 121" MPa
©
2 17
o 88 MPa
305
B
o . | | HCC
0O 02 04 06 08 1

HCC is fitted by beta distribution,
which has been applied for
modeling of random values limed
by an interval (like percentages)

Hydrogen Continuity Coefficient (HCC) or Accumulated Hydride Length (AHL):

the summary projection of hydride lengths within a 100 um band onto radial direction.
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The problem of small samples

Ring Tensile Test If the local hydrogen embrittlement degree is a random value,
/\ What is the minimum volume (the number of ring specimens)
F required for a reliable estimation of the mechanical properties?

deformation
is localized The answer can be found by first solving the following problem:
What is the probability of observing the critical hydride
morphology in a random small volume Q?

_HCCcrit | Q/VO

deformation Perie =1 — J pdf(HCC) - dHCC
Is localized Y I

F The probability density function (pdf) of HCC (or any other
N morphology metric) can be estimated either experimentally or
computationally, as shown on the previous slide.

Vo — minimal volume defining HCC (~0.1x0.6x0.3mm)

12




Summary

The average values of orientation, size, and spacing of hydrides, has been simulated by the

solution of the ordinary differential equation system. The hydride continuity coefficient and its

statistical distribution have been estimated by coupling with the Monte Carlo method.

If hydrides dissolve partially (300 ppm), then the final morphology is largely determined by their

initial state. If hydrides dissolve completely (100 ppm), then the final morphology is largely

determined by the cooling rate.

It has been demonstrated that there are two potential sources of nonconservative assessments of

hydrogen embrittlement degree in the end of dry storage:

= |f the hydrides dissolve completely, their length at the end of dry storage may exceed that
under comparable conditions, but faster cooling. Therefore, the laboratory tests can
underestimate the embrittlement degree;

= Fracture testing of small specimens examines their local properties, which is a random value.
Therefore, there is a possibility, that the most detrimental morphology of the specimen may
be outside the fracture zone and test will show overestimated ductility.

The described approach allows to justify both extrapolation to lower cooling rates, typical for dry

storage, and the number of small samples for accurate measurements of hydrogen embrittlement

degree. 13



28™ International QUENCH Workshop

o

\%\ X

G. Stahlberg
RUB

Development of a model for Cr-coated Claddings for System Codes

Unmitigated accidents in nuclear power plants can pose risks to the facility's integrity. This is due to
factors like increasing temperatures, rising pressures, and the potential release of combustible gases.
The fuel cladding, an important element of the defense-in-depth concept, plays a significant role in the
progression of accidents. Zirconium (Zr) alloys commonly used as fuel cladding perform well under
normal conditions. Their effectiveness is limited at higher temperatures during accidents, potentially
leading to rapid accident progression and hydrogen production. Studies suggest that alternative
materials, such as Iron-Chromium-Aluminum alloys (FeCrAl) or Chromium-coated claddings could
establish another safety aspect in a reactor core. Ongoing developments on Accident Tolerant Fuels
(ATF) aim to improve safety by exploring these concepts.

The presented works focus on the modelling of a Cr-oxidation model which is intended to be
prospectively implemented into the severe accident code AC-ATHLET-CD. The oxidation of structural
materials or fuel rods can have significant implications for the overall behavior of the system. The
accurate prediction of the accident progression is therefore crucial for developing effective mitigation
strategies. The Cr-oxidation model is based on empirical correlations derived from experimental data.
It considers various factors that influence the oxidation process, including temperature and the
presence of steam. In a steam atmosphere the Cr-coating inhibits the inward oxygen diffusion and
forms a protective chrome(lll)-oxide layer (Cr,0s). It is intended to reduce hydrogen release and
oxidation heat compared to uncoated Zry. This effect is represented by the overall lower oxidation
kinetic and heat release during oxidation.

Sensitivity studies and the comparison with experimental data resulted in various suggestions for
improvements of the in-house Cr-coating model. For example, by applying the model on beyond design
basis accidents especially the coating failure is key for a reliable prediction of oxidation behavior and
the integral hydrogen generation. The coating failure relies on different influential parameters like
microstructure, thickness and degradation phenomena, which is currently not modelled in detail due
to code simplifications regarding the oxidation calculation. The diffusion of oxygen into the binary
system of Cr/Zr as well as diffusion processes between the coating and substrate result in a loss of
protectiveness of the coating. This results eventually in enhanced oxidation kinetics. Current studies
suggest a similar oxidation kinetic to Zr-alloy after coating failure, which is modelled by setting up a
threshold value for the switching of the kinetics from Chromium to the Zirconium correlation of AC2.
The implementation of the Cr-oxidation model into the in-house version of AC>-ATHLET-CD involves
modifying and extending the existing code structure. The model was validated against experimental
data showing reasonable agreement between the predicted and measured weight gain. First
applications to experiments of the QUENCH facility at KIT resulted in plausible predictions of the
calculated sequence progression.
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MOTIVATION AND OBJECTIVE
Postulated plant accidents with fuel damage
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MOTIVATION AND OBJECTIVE
Postulated plant accidents with fuel damage

Temperature field

25|----

0.658}----

-1.18

Cladding Temperature

How to increase the coping time?

One key factor is influencing
the accident tolerance!

300°C  ~800°C ~1500°C
Heat Up } Early Phase | Late Phase
‘ [
| Zr Cladding, / |
} no ECCS : ATF Cladding, .
‘\ ‘ | no ECCS..#
\ e
------------------ | lelaiieiniai
\ Decay Heat = o |
\ } ____ “\_," Balloon }
e & Burst
\s s Balloon }
N I & Burst I
~. Quench
e— |
I —— T T —
Time Zinkle et al. 2014
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ACCIDENT TOLERANT FUEL
Cr-Coating Concept

Protective Cr,0; layer

= Material with higher (oxidation) resistance acting during steam oxidation
as diffusion barrier to protect underlying Zry

Progressive failure
processes of the coating

" Reduced oxidation heat (~3.5 MJ/kg,), slower at higher temperatures
. . . . . . and longer oxidation times
oxidation kinetics — Goal: increased coping
time and reduced H, as well as heat release

Liu et al. 2021

" Development of new model for oxidation of
Cr-coated claddings available as new option
for AC? at RUB PSS (ongoing development)

= Applied on transient bundle experiments on
ATF in Joint Project QUENCH-ATF as third
party of GRS (validated against Q-ATF-1)

Shah et al. 2018

) P . . f RUHR
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ACCIDENT TOLERANT FUEL
Cr-Coating Concept

Cr-Layer

National funded

Project
Development of Zr-alloy / Cr
D Model for Cr-Coated
. Y Claddings
 QUENCH-ATF »

-

OECD-NEA ¥~
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Modelling



Delta_H°[MJ]

MODELLING

-2.0 7,400
30 Oxidation Heat per 1 kg Cr (Steam) | 7,100 F
[ U SRS I 6,800 |
4.0 o
£ 6,500 |
=)
=
5.0 | = 6,200
‘0
60 | Oxidation Heat per 1 kg Zr (Steam) | § 5,900
SO UL PR PPPPPPITIT DI R 5,600 |
7.0 F
5,300
-8.0 I I I I 5‘000
800 1,000 1,200 1,400 1,600 1,800

" Reaction heat per kg metal (Cr/Zr) calculated via database for chemical thermodynamics

Temperature [K]
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“ Data for ¢, and A based on literature, Zr data assumed after eutectic point (~1,332°C)

Thermal Conductivity [W/meK]
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MODELLING
Correlation for Cr

/"
dX? = k,dt
" The oxidation rate is determined by the resistance p

to oxygen diffusion, it is based on a parabolic law <

— E
derived from the analytical solution of diffusion eq. kp(T) = AKOEFF * exp(— a/RT)
\
" The oxidation rate can be determined axX k, 05
and oxidized mass per time step can be calculated dr X X = (kp * t)

X The resulting heat flow due to oxidation depends on the oxidized mass and is eventually
added to the outermost layer — ongoing analyses of code if molar masses are used
correctly (and calculated consumed metal) for Cr-coated claddings (Cr/Zr)

) P . . RUHR
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MODELLING
Correlation for Cr

" Data from Brachet 2020 et al. used for
correlation modelling

! Mass gain (m) of metal is used by AC?

Stahlberg et al
2022 and 2023

Layer (X) Growth = (k,(T) * ©)/? [cm]
with  k,(T) = AKOEFFX x exp(—£%/p)

2
and AKOEFFX= AKOEFF™ x (—Maad ) Wu, Shirvan 2020
Mo, *pclad

Reaction rate [g%(cm?**s)]

2,000

Temperature [K]

1,666 1,428

1,250

1,111 1,000

1.0E-02
1.0E-03 -
1.0E-04 —
1.0E-05 3
1.0E-086 ,
1.0E-07 ,
1.0E-08 ,
1.0E-09 -
1.0E-10 ,
1.0E-11 -
1.0E-12 —
1.0E-13 ,

1.0E14 L

* Non-protective

coating

0.60 0.70

0.80

10%/Temperature [K-']

0.90 1.00

--&-Stahlberg (Cr, based on data by Brachet et al. 2020, 800-1300°C)

- % Cathcart-Prater/Courtright (AC? Opt. 1)

9  Further Development of the System Code Package AC? for Cr-coated Claddings
28th International QUENCH-Workshop | Karlsruhe, Germany | December 5th to 7th, 2023

P
PSS
C -

Plant Simulation and Safety EﬂIVERSITAT

Prof. Dr.-Ing. Marco K. Koch

HR

BOCHUM

RUB



MODELLING
Correlation for Cr

Data from Brachet 2020 et al. used for
correlation modelling

Mass gain (m) of metal is used by AC?

Stahlberg et al
2022 and 2023

Layer (X) Growth = (k,(T) * ©)/? [cm]
with  k,(T) = AKOEFFX x exp(—£%/p)

Mclad

2
and AKOEFFX= AKOEFF™ « (—) Wu, Shirvan 2020
Mo, *pclad

= Additionally, for comparative assessment, most

deviating weight gain data at 1,200°C are used
by author to derive further Cr-correlations

Reaction rate [g%/(cm**s)]

Temperature [K]

2,000 1,666 1,428 1,250 1,111 1,000
1.0E-02 ¢
1.0E-03 |
1.0E-04 [
LS -
. Non-protective
1.0E-05 E \; coating
1.0E-06 L e
1.08-07 |
1.0E-08 F
1.0E-00 [
1.0E10 |
1.0E-11 [
1.0E-12 |
1.0E13 |
10E_14 L n L n L n L L n n L L ! n n L n L n
0.50 0.60 0.70 0.80 0.90 1.00
103/Temperature [K]

--a--Stahlberg (Cr, based on data by Brachet et al. 2020, 800-1300°C)

—=-Wu, Shirvan 2020 (Cr-Al alloy + Zr, 1200°C)

—¥—Cr, based on data by Ma et al. 2021, 1200°C

- % - Cathcart-Prater/Courtright (AC? Opt. 1)
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MODELLING

Current approach under development

" The newly modeled correlation is part of a

model framework

L, Correlation is based on exp. data from Brachet eta. 2020

' Transition from Cr — Zr after asssumed coating failure
at variable (user) temperature

'L, Heat of oxidation depends on active correlation

" Inner oxidation (Zr) after cladding failure

Steam

Cr-Coatin

Yook et al. 2022

Steam

Reaction rate [g%/(cm?**s)]

2,000

Temperature [K]
1,666 1,428 1,250 1,111

1,000

10E-02 ¢
1.0E-03 &
10604 L

f
1.0E-05 k
1.0E-06
10607 L
1.0E-08
1.0E-09
1.0E-10
1.0E411 E
1.0E412 [

10E43 L

1.0E414 L

Ry Non-protective

coating

o

060 070 080 090
10%/Temperature [K]

--i - Stahlberg (Cr, based on data by Brachetet al. 2020, 800-1300°C)
- % - Cathcart-Prater/Courtright (AC2 Opt. 1)
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Verification and Application



10.0

r 1,000 -
VERIFICATION 00 [| 1100
Correlation for Cr, 1,000-1,100°C 80 |
" Derived correlation for Cr ror
", Based on layer growth data from NE 60
Brachet et al. 2020 for 800-1,300°C D 50|
= Curves show calculated mass gain § 40 e : i
for 1,000 and 1,100°C £ 40l P
9 ’ ,-" + E
(<)) I T
L, Excellent agreement for Bra19 at 1,000°C = 20} L7 . LI RS, Lt
and Kas22 at 1,050°C, but data by Bra18 at - s
1,000/1,100°C are app. 30-60% overestimated 10 & 27 1
./-// *
= For further modelling, separate coefficients 00 T 3000 6000 9000 12000 15.000 18,000
for different temperature regions are under Time [s]
i i Bra18, Cr, 1000°C Bra18, Cr, 1100°C
COﬂSlderatlon : 8:219, C:, 1000°C i K;a322, Crr, 1050°C
— — Stahlberg (Cr), 1000°C ---- Stahlberg (Cr), 1100°C
|

Few experimental data available for verification
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VERIFICATION
Correlation for Cr, 1200°C

" Calculated mass gain curve shows good
agreement at 1,200°C

", Most data are captured well or are slightly
overestimated (few not captured like Kim15)

Ly Coating failure seems to occur after
5,000-6,000 s, see Bra18, Bra19 and Bou19

Q> Increased kinetics similar to Zr
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N
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o
o

2.5

0.0

0

1,200°C g b
L Re b3 R
7 AN
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] \
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\\ //
\\\ + ’,/
i P
X ~-7TA
A FXs x  x
B /A
o o.x
Sl
2,000 4,000 6,000 8,000 10,000
Time [s]

A Li20, Cr, 1200°C
Bra18, Cr, 1200°C

x Bou19, Cr, 1200°C

X Bra15, Cr, 1200°C

A Kas22, Cr, 1200°C

+ Bra19, Cr, 1200°C

e Kim15, Cr, 1200°C
— - —Stahlberg (Cr)

14 Further Development of the System Code Package AC? for Cr-coated Claddings
28th International QUENCH-Workshop | Karlsruhe, Germany | December 5th to 7th, 2023

P
PSS
-

Plant Simulation and Safety
Prof. Dr.-Ing. Marco K. Koch

RUHR
UNIVERSITAT
BOCHUM

RUB



30.0

VERIFICATION 275 || 1300
Correlation for Cr, 1,300°C 250 |
25 | 8
" Calculated mass gain at 1,300°C X X
d =200 Non-protective
", Calculated curve shows mostly good E, 17.5 ¢ * coating
agreement to data of Bra20, depending on 2 150 | y
state of coating (transition/non-protective) o s +
£ 125 | -
', However, measured data points only © 100 L x Transiton * __.——"
seem to fit a parabolic progression =) /+./~+"'
during first ~2,500 s 2
" Increased kinetics after ~3,000-4,000 s
", Data of Ma21 follow a parabolic law but show _ . A S S
significantly higher values compared to other 0 1,000 2,000 3000 4,000 5000 6,000
measured data (see also correlation on slide 10) Time [s]
20, Cr, 1300°C X 15, Cr, 1300°C
" Limited data available for verification, close : 3:‘21 Crr 1300°C _._Zzhierr(m)
to the eutectic point — QUENCH-SR simulations? il 2
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VERIFICATION
Correlation for Cr, 1,300°C

" Calculated mass gain at 1,300°C

= Current approach after failure of coating is
using Zr-kinetics built into AC?, see possible
progression of weight gain with “Zr (Opt. 1)”

Weight Gain [mg/cm?]

25.0 T
1
205 | 1,300°C ;
200 | Non-protective’  *
coating !/
17.5 i
!+
15.0 i
J
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+ o
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75 —
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| /
25 1
R
00 1 I 1 I 1 I 1 I 1 I
0 1,000 2,000 3,000 4,000 5000 6,000
Time [s]
+ Bra20, Cr, 1300°C x Bra15, Cr, 1300°C
—-—Stahlberg (Cr) ----Zr (Opt. 1), 1300°C
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APPLICATION

QUENCH-LOCA-3 - PWR Bundle (opt. ZIRLO) - DBA
= LOCA-3 (opt. ZIRLO) with peak cladding temperature of just ~1,050°C

L, Calculation with AC2 shows thermal behavior is slightly underestimated (see H, as well)

with opt. ZIRLO, but overall well reproduced

= Application of Cr-coated claddingto "
design basis accident (AC2_mod) 0
L As expected, low hydrogen release, § b
given the active correlation at this g
low temperatures and short 3
oxidation times
L, Lower peak temperature
200

> In consideration of the underestimation
using AC?, a maximum release of approx.
0.1 g is expected using new model
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i l,’ﬁ: \.‘: g)\
A ., s o
/} ' TR
-y i
i il
' |
.t
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i
il
i
'..:'»)‘..‘
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-50 50 150 250 350
Time [s]
------- 950 mm (inner Rod), QL3
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— — —AC?_mod (Cr-Coated)
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...........

____________

-50

————— H2, AC? (Zr, Opt. 1)
— — =H2, AC2_mod (Cr-Coated)
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See Application of this model to

BDBA QUENCH Experiments.

- common contribution presented
by Thorsten Hollands.
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Simulation of QUENCH-03 and -15 Scenarios with the Code AC? modified for
Cr-coated Claddings compared with ASTEC

One of the key factors influencing the progression of unmitigated accidents is the fuel cladding. It is an
important part of the defense-in-depth concept. Zirconium (Zr) alloys perform well under normal
operational conditions. At higher temperatures the accident progression can escalate due to a strong
exothermic reaction. Various studies have indicated that alternative materials could partially enhance the
behavior under accident conditions. Currently, there are ongoing developments in Accident Tolerant Fuels
(ATF). Of particular interest are iron-chromium-aluminum (FeCrAl) alloys or the coating of existing Zr alloys,
which are already widely used in nuclear power plants.

The main objective of the presented works is the application of a newly developed first in-house model for
ATF at the PSS Group at RUB. This model specifically addresses the oxidation of Chromium (Cr)-coated
claddings. It is implemented into a modified AC? version, a system code package developed by GRS gGmbH
for the simulation of selected phenomena or complete accident sequences in nuclear power plants.

The investigated large scale bundle experiments were conducted at the QUENCH test facility of KIT. In these
tests, beyond design basis conditions in light water reactors with subsequent re-flooding were considered.
The sequences consist of a stabilisation, heat-up, transient and quench phase. Comparing both sequences,
QUENCH-15 was conducted additionally with a pre-oxidation phase before the transient phase. QUENCH-
03 / QUENCH-15 aim at investigating the hydrogen source term when water or steam is injected into an
uncovered and overheated core of a light water reactor. These experiments were conducted with Zry-4 /
ZIRLO™ for the test fuel rod simulators and temperatures of 2000°C / 1880°C were measured. Thus, severe
accident conditions were reached with temperatures beyond the eutectic melting temperature of the
binary Zr-Cr system. This marks the very latest failure time for the protective chromium layer at around
1332°C.

The conducted sequences were calculated as they were. However, the new option for Cr-coating oxidation
in AC? is used for fuel rod simulators and shroud, assuming a dense chromium layer on the Zr-alloy. The
QUENCH-03 input deck was furthermore altered from the original 21- to a 24-rod layout, as in QUENCH-15.
Additionally, the newest ASTEC version was applied to QUENCH-15 using correlations for Cr-coating of KIT
via user input. This allows a code crosswalk of both codes.

The analyses of the simulation results focus primarily on the code capabilities to represent the thermal
behaviour of the rods as well as the oxidation behaviour in comparison with original Zr-oxidation. Both
input decks were optimized for the particular sequence. This ensures reliable results when reviewing
original hydrogen generation using Zr-alloy oxidation kinetics and the hypothetical potential benefit of the
Cr-coating. The tentative simulations using Cr-oxidation show overall slightly lower temperatures than the
experimental data of the QUENCH tests with Z-alloy as well as significantly lower hydrogen generation, as
expected.
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Motivation and Objective

Qualifying and further developing AC? regarding ATF application

Available so far is FeCrAl-Oxidation (derived from QUENCH-19), flexible user

oxidation (same Ah as FeCrAl), ongoing development e.g. B136Y hard coded...
Experiment for validation: QUENCH-19

New model for coating oxidation (Cr/Zr)
Under development in national funded project by RUB PSS

Experiment for validation: QUENCH-ATF series of joint project OECD NEA
QUENCH-ATF led by KIT

Source: KIT

Further experiments are under preparation like CODEX or DEGREE ATF series

T. Hollands et al., QUENCH-15 and -03 scenario with Cr-coating, 28th International QUENCH Workshop, 5.-7.12.2023 3



Modelling Approach — Correlation Temperature [K]
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** Restart with Zr-Correlations of ASTEC (mass gain, thickness) when reaching 1300°C - - Cathcart-Prater/Courtright (AC?, Opt. 1)
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Modelling Approach — Modelling in AC? and ASTEC

AC?
3 RODs : 4, 12, 8 rods
Coating applied to relevant components

Zr for spacer as well as coated components at

higher temperatures (2 cases: 1300°C and

RODs

EVARRRERERRNCE

OFFPIPE

1200°C) ]

SHRTOP

SHROUD

GRIDSPACER (1-5
COOLING SPACER (1-5)

JACKET |

- ] H,0 +Ar
BYPASS BUNDLE INPIPE
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ASTEC

0 270°

ooling jacket

158.3/168.3 mm SS

C
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3 RODs: 4, 12, 8 rods
Coating applied to relevant components

Transition from Cr — Zr oxidation at 1300°C

Zr-702 shroud
@ 83/89 mm

Isomaterial field

B, D, F, H: Elevation [m]
Zryrod @ 6 mm 15

removable
H: Zr1%Nb

'l Ea
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QUENCH-15

T. Hollands et al., QUENCH-15 and -03 scenario with Cr-coating, 28th International QUENCH Workshop, 5.-7.12.2023 6



Test Bundle and Conduct

stabilisation ! heat-up | pre-oxidation : transient | quench Numbers indicate rod fyoe
: ! ! : 2153 K—
i ; : 60 s before;
! transient ! 0°
; i H 1473 K : —=126 -—
i i : Zr-702 shroud
T | i : @ 83/89 mm
. 873K | i
i i : 1% grd
~15h | ~1h | ~3000s ~3000s ' rod B,D,F, H:
T : 4 Zry od @8 mm
i i : removable
. i ‘ H: Zr1%Nb
m ; ;
QO 270" a0 W
F-EII
Heated rod
Hi‘ @ 9.5 mm
(Tungsten heater,
Zrﬂ,glsnnular pellet, A, C, E, G:
Zirlo cladding) Zry rod (top),
. Zry tube (bottom)
Time ; central TC
@Cnoling jacket E: Zr1%Nb
181.7/193.7 mm Inconel '
?158.3/168.3 mm SS Ar cooling
gap 6.7 mm
Source: KIT 7r0, fiber
insulation
34 mm
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Simulation Results — Cladding Temperatures at 550 mm

2000 | | | AC? and ASTEC models were
—QUENCH-15 (Zirlo) TFS 2/9 qualified for QUENCH-15 with
1800 H
—AC2 modified (1300°C) ZIRLO rods
1800 1 Ac2 modified (1200°C) Both codes show a comparable
1400 || —asTEC qual!tative behaviour for Qr-
coating, but ASTEC predicts
o 1200 higher temperatures
2 1000 S — / No simulation reach the transition
= | . . .
® e temperature to Zr oxidation in the
g B0 / _— middle bundle elevation
£ 600 i
- 7/
400
200
0
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)
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Simulation Results — Cladding Temperatures at 750 mm

2000 | | | All simulations reach the
1800 || TQUENCH-15 (Zirlo) TFS 1711 transition temperature to
—AC2 modified (1300°C) accelerated Zr oxidation
1600 —AC2 modified (1200°C) The predicted temperatures for
1400 || —asTEC Cr-c;oatlng are comparable to
original QUENCH-15 ZIRLO
o 1200 behaviour
‘5; P _/:
S 1000 ——
5 s
S 800
£
600
IEJ iy
400
200
0
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)
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Simulation Results — Cladding Temperatures at 850 mm

2000 I | | All simulations reach the
1800 |1 —QUENCH-15 (Zirlo) TFS 16/12 transition temperature to
—AC2 modified (1300°C) accelerated Zr oxidation
1600 —AC2 modified (1200°C) The predicted temperatures for
r-coating ar mparable t
1400 || —psTEC C.goa g are comparable to
original QUENCH-15 ZIRLO
o 1200 ——— == behaviour
£ 1000 e !
3 //
©
5 800 /
£
600
2
400
200
0
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)
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Simulation Results — Cladding Temperatures at 950 mm

2000

1800

1600

1400

- -
o N
o o
o o
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Temperature (°C)

400

200
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|1 —ASTEC

—AC2 modified (1300°C)
—AC2 modified (1200°C)

—QUENCH-15 (Zirlo) TFS 8/13

—

/

—

=

Ve

0 10

00 20

00 30

00

Time (s)

All simulations reach the
transition temperature to
accelerated Zr oxidation

The predicted temperatures for
Cr-coating are comparable to
original QUENCH-15 ZIRLO
behaviour
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Simulation Results — Hydrogen Generation

60 Although the temperature
55 || —QUENCH-15, Zirlo evolution is comparable to
50 —AC2 modified (1300°C) QUENCH-15 with ZIRLO
ACD modifiod (1200°C claddings the mass of hydrogen
45 modified { ) is less than in QUENCH-15
—ASTEC : —
40 During pre-oxidation the
S 35 hydrogen generation is
2 a0 significantly lower with Cr-coated
= components
2 . :
s ° The increase of hydrogen is
S 20 strongly connected to the
2 15 transition temperature in each
10 simulation
5 When Zr oxidation occurs after
. _ failure of Cr-coating the hydrogen
0 1000 2000 3000 4000 5000 6000 7000  sooo  9eneration is higher than for
Time (s) ZIRLO claddings with pre-

oxidation
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QUENCH-03

T. Hollands et al., QUENCH-15 and -03 scenario with Cr-coating, 28th International QUENCH Workshop, 5.-7.12.2023 13



Shroud outer wall:

Heated rods: 12WiRe
20 W/Re 10 NiCr/Ni

15 NiCr/Ni Comer rod
center:

2 NiCr/Ni
2WIRe

Test Bundle and Conduct

Start of bundle

— Wall of inner
cooling tube: Numbers indicate rod tvpe,
22 NiCr/Ni
Central rod (No. 1): Outer surface of
2 W/Re center outer cooling tube: 21702 shroud
1 WIRe cladding 5 NiCr/Ni & s
/ Stop of steam supply
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o against QUENCH-03 with 21 Zry
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Simulation Results — Cladding Temperatures at 550 mm

2500 | | Temperature is overestimated
—QUENCH-03 (Zry) TFS 1/9 during transient phase of
2250 1 QUENCH-03 original
2000 L —QUENCH-03 org. Zry configuration (21 rods)
—QUENCH-03 24 rods, Zry Using the QUENCH-15
1750 | - i i
_ — QUENCH-03 24 rods, Cr-coated configuration (24 rods) with
%) ZIRLO the calculated
e 1500 o
© temperature escalation is lower
‘g 1250 The application of Cr-coated
4 cladding is comparable to ZIRLO
= 100 / claddings, because the transition
8 250 = temperature is not reached at
550 mm
500 ——— “
250
0 500 1000 1500 2000 2500 3000

Time (s)
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Simulation Results — Cladding Temperatures at 750 mm

2500 For the original QUENCH-03
—QUENCH-03 (Zry) TFS 2/11 configuration the temperature is
predicted plausible to the
measured data

—QUENCH-03 24 rods, Zry For the 24 rod bundle with ZIRLO

1750
— QUENCH-03 24 rods. Cr-coated the temperatures are much lower,

2250
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2000

o 1500 but show a significant increase
g The temperatures for Cr-coated
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- .

750 sharp increase
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Simulation Results — Cladding Temperatures at 950 mm

2500 For the original QUENCH-03
—QUENCH-03 (Zry) TFS 2/13 configuration the temperature is
2250 UENCH-03 ora. 7 predicted plausible to the
2000 —d o org- e measured data
—QUENCH-03 24 rods, Zry For the 24 rod bundle with ZIRLO
1750
n — QUENCH-03 24 rods, Cr-coated the temperat.ure.s. are much lower,
O oo but show a significant increase,
o melting temperature is matched
=
® 1250 The temperatures for Cr-coated
S claddings are again lower, but
£ 1000 reaching the transition
S temperature (1300°C) leads to a
sharp increase
250 :
0 500 1000 1500 2000 2500 3000
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Hydrogen Mass (g)

Simulation Results — Hydrogen Generation
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The total amount of hydrogen is
predicted quite well for the
original QUENCH-03 scenario
with Zry claddings

For the 24 rod configuration with
ZIRLO less hydrogen generation
is predicted

The application of Cr-coated
claddings leads to only 20 g H, in
the AC? simulation
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Conclusions

AC? and ASTEC are able to predict scenarios with Cr-coated claddings applied on the conducted
QUENCH tests QUENCH-15 and QUENCH-03

For the QUENCH-15 scenario nearly no influence on the temperature behaviour is predicted by the application
of Cr-coated claddings, but

The hydrogen generation is less for Cr-coated claddings due to the low hydrogen generation as long as
Cr acts as a protective layer

Afterwards, the hydrogen generation is higher compared to the ZIRLO cladding oxidation

For the application of the QUENCH-03 scenario on the 24 rod bundle leads to lower temperatures most likely
due to the different power to volume/mass ratio

Additionally, the consideration of Cr-coated claddings leads to further decrease of the cladding temperatures

The hydrogen generation is directly affected by the temperatures and vice versa which leads to less hydrogen
for the Cr-coated claddings compared to ZIRLO (24 rods) and especially to Zry (21 rods, QUENCH-03)

The QUENCH-03 scenario is not prototypical because of the short pre-oxidation phase

T. Hollands et al., QUENCH-15 and -03 scenario with Cr-coating, 28th International QUENCH Workshop, 5.-7.12.2023 19
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NPP accident analyses under LOCA and SBO conditions using system
computer codes

Development of computer tools for accident analyses in NPPs is the area where scientific investigations
are necessary to improve the models and reduce uncertainties of the results obtained by these tools.
LEl has participated in several Euratom program projects, where the focus is specifically on numerical
simulation of accident scenarios and accident progression. The IVMR (H2020-Euratom 2015-2019)
project was initiated, to evaluate In-Vessel Retention strategy in high power NPPs, identify the needs
for model updates, and harmonize the methodology of In-Vessel Retention. The MUSA (H2020-
Euratom 2019-2023) project was focused on severe accident progression and uncertainties, related to
core damage, accident progression and the resulting consequences. The ELSMOR (H2020-Euratom
2019-2023) project was focused on SMR safety, including modelling of SMRs, with some analyses of
severe accident cases. SASPAM-SA (Euratom, 2022-2026) project was initiated to further analyze SMRs
safety, with a full scope of safety analysis — from accident initiation up to emergency zone planning.

The presentation consists of brief presentation of LEI performed analyses and key findings obtained
during the implementation of IVMR, MUSA, ELSMOR, SASPAM-SA projects, as well as plans for the near
future of on-going SASPAM-SA project.
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Outline

Modelling of accident scenarios in NPPs at LEI:
* VMR project (2016-2019)

* MUSA project (2019-2023)

 ELSMOR project (2019-2023)

* SASPAM-SA project (2022-2026) (ongoing)



IVMR: In-Vessel Melt Retention Severe Accident @
Management Strategy for Existing and Future NPPs LH

* In-Vessel Melt Retention (IVMR) appears as an attractive
solution that would stabilize molten corium and minimize
the risks of containment failure (less Hydrogen produced,
no corium-concrete interaction), if it can be proved to be

feasible.

* The project aimed at relevant assumptions and scenarios
to estimate the maximum heat load on the vessel wall, e
improved numerical tools for the analysis of IVMR issues A A
and a harmonized methodology on the IVMR. "+ 0jgog O
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Brief Description Of The Modelled BWR

Similar to BWR-5;

Vessel total height 20.8 m,
diameter 5.30 m and thickness 13
-19 cm;

2029 MWHt;

Total mass of UO2 fuel =91.2 tons;
Total mass of Zr = 26.4 tons;
RELAP/SCDAPSIM mod 3.4;

Event of LB LOCA + total failure of
all emergency core cooling
systems (reactor scram is
activated) was assumed.
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Key events and accident sequence

KEY EVENT TIME (s)
LOCA+SBO 0
Reactor emergency shutdown (SCRAM) initiating 0.0
Turbine trip initiating 0.0
Trip of recirculation pumps initiating 0.0
Reactor cavity flooded for external cooling 0.0
(with constant 15 kg/s water supply to prevent boil-
off)
Core Uncovers/ First heat up of the core 32
Core fully uncovered 50
Start of core relocation to lower head 847
Dry out of the lower head 3000
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Corium layers. Standard configuration vs @
RELAP/SCDAPSIM LH

Layer formation in debris bed
compared to RELAP/SCDAPSIM
model.

RELAP/SCDAPSIM model does
not take into account separation
of oxidic and metallic layers.

3-layer structure:

\ Light metal layer /

\ Oxidic pool /

Heavy metal layer




ATHLET-CD calculations Eﬂ

ATHLET-CD code (AIDA module) was used to simulate stand-alone problem of IVR.
As we can see, with the corium composition from RELAP/SCDAPSIM calculations and without any

additional steel, 10 MW of decay heat could be removed and the minimum residual wall thickness is
~4.5 cm.

3
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CD AIDA calculations. calculations.



Conclusions Eﬂ

Message: Use the correct tools for the analysis!

RELAP/SCDAPSIM can be used to calculate normal plant operation thermal hydraulics,
accident sequence, core heat-up and relocation of the core materials.

RELAP/SCDAPSIM MOD3.4 is not suitable for detailed analysis of heat transfer between
debris bed and RPV wall.

ATHLET-CD AIDA model with IVMR updates is able to predict the focusing effect and take
into account wall ablation. RELAP/SCDAPSIM integral calculation results can be used as
input data for ATHLET-CD stand-alone model for detailed analysis, where RELAP/SCDAPSIM
is not applicable.



MUSA: Management and Uncertainties of Severe
Accidents

Key activities:

* |dentification and quantification of uncertainty sources in
severe accident analyses

* Review and adaptation of uncertainty quantification
methods

* Testing such methods against reactor and spent fuel pool
accident analyses, including accident management

[E|



NPP modelling and SA Scenario Eﬂ

* Short description:
* the NPP model:

* A plant similar to BWR-5 operating at 2029 MWth was assumed.

* The containment was not modelled, since RELAP/SCDAPSIM is not applicable for modelling
processes in the containment.

* the SA scenario analyzed: LBLOCA+SBO & LBLOCA +SBO +HPCS injection

* The initiating event is considered to be a guillotine break in one of two recirculation loops, followed
by immediate SBO.

* The only safety systems in operation are control rods and turbine isolation valves. The control rods
are activated at the beginning of the accident. The exit to the turbines (MSIV) and feedwater line
are closed at the beginning of the accident.

* In case of HPCS the water injection starts at different times after the break, applied for the base
case. For the current tests it was assumed at 700 s after the break, when the PCT reaches 1700K (to
allow limited initial oxidation and core damage)
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Plant Nodalization
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SA Code and UQ Tool Coupling Eﬂ

Severe accident code and version: RELAP/SCDAPSIM mod 3.4
Uncertainty Tool and version: SUSA 4.0 (GRS)

Number of calculations launched to perform the UQ: 100
Number of calculations failed: 35 (=~1/3)

Issues found in the SA/UQ tool coupling:

* Fission product element modeling:
* CORSOR-M model to calculate Cs/l FP release from bundles (by using

temperature calculation results), because there are problems with FP
inventories in RELAP/SCDAPSIM model which still needs to be
investigated.

* The code is not applicable for FP modelling in the containment.

Definition of uncertain parameters (UQ tool)
S 2
Generation of parameter sets (UQ tool)
S 2
Generation of input files (script)
¥
Run all input files (SA tool)
> 2

Output results to files (SA tool)
S 2

Prepare results for UQ tool (script)
S 2
Perform Uncertainty and sensitivity analysis (UQ
tool)

Additional selected scenarios and changes based
on the obtained results (SA tool)




Assessment of the UQ Analysis: EU
Uncertainty Parameters (1)

par# Short description Reference Value Variation Range PDF Notes
1 Gamma heat fraction 0.026 0.013-0.039 Normal
2 Zry-4 specific heat 1 0.8-1.2 Normal Multiplier for f(T)
3 Zry-4 density 1 0.8-1.2 Normal Multiplier for f(T)
4  |Zry-4 thermal conductivity 1 0.8-1.2 Normal Multiplier for f(T)
5 Gap specific heat 1 0.8-1.2 Normal Multiplier for f(T)
6 Gap density 1 0.8-1.2 Normal Multiplier for f(T)
7 Gap thermal conductivity 1 0.8-1.2 Normal Multiplier for f(T)
8 Mass of grid spacer 0.0022 0.00176 - 0.00264 Normal
9 Height of grid spacer 0.0413 0.033 - 0.0496 Normal
1o | Plate thickness of grid 0.00762 0.0061 - 0.00914 Normal

spacer
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Assessment of the UQ Analysis: Eﬂ
Uncertainty Parameters (2)

par# Short description Reference Value Variation Range PDF Notes
Temperature for failure of oxide
11 shell on outer surface of fuel 2500 2250 - 2750 Uniform
and cladding
19 Fraction of oxidation of fuel rod 06 0.3-09 Uniform

cladding for stable oxide shell

Cladding rupture strain and 1 0.8-12 Normal Multiplier for two

13 s : .
Transition strain multiplier parameters

Pressure drop caused by

14 ballooning

0 0-1 Discrete

Fraction of surface area covered
with drops that results in
blockage that stops local

oxidation

15 0.2 0.1-0.3 Uniform

Velocity of drops of cladding
16 |material slumping down outside 0.5 0.25-0.75 Uniform
surface of fuel rod
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Assessment of the UQ Analysis:
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