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Summary

Use and Need for PIE — an overview

Overview of Primary PIE Facilities
— Hot Fuel Examination Facility
— Analytical Laboratory
— Electron Microscopy Laboratory
— CAES Imaging Suite

Non-Destructive Examinations
Destructive Examinations
New and Developing Techniques

New Facilities
— Irradiated Materials Characterization Laboratory (IMCL)
— Advanced Post Irradiation Examination (APEX)
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PIE is used to study the behavior and
performance of materials in the irradiation
environment.

 Non-Destructive
» Destructive

» Forensic in nature with activities that cross nuclear science, material
science, and chemistry fields of discipline.

* Required to obtain the data needed to predict the behavior and
performance of the nuclear fuel system for the licensing process.
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Swelling induced axial elongation of fuel pins In
FFTF of D9 composition

HT-9 F-M Steel D9 — 20% CW SS
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Fuel Assembly Wrapper Tube Failures - Severe
embrittlement arising from void swelling of
12X18AOT fuel assembly wrappers in BOR-60

Neustroev et al., 1998, Garner et al., 2001

BY-97 | BY-92
53 dpa '
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7y dpa max

14% swelling
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Fracturing of mixed actinide nitride fuel pellets




STRUCTURE EVOLUTION IN AN OXIDE FUEL PIN

NOMINAL HEAT RATING=~13 kw/FT THROUGHOUT LIFE
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CHEMICAL EVOLUTION IN AN OXIDE FUEL PIN

NOMINAL HEAT RATING = ~15 kW/f1
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Failure testing of oxide fuel at high power
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Develop innovative solutions for nuclear power technology including nuclear
fuels, separations, and fast reactor development

Large capability hot cells for fuel studies
Pyro-processing of Used Nuclear Fuels
Post Irradiation Material Examination — HFEF, Analytical Laboratory, EML

11
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Hot Fuel Examination Facility (HFEF) Overview
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Made operational in 1975

Alpha/Gamma hot cell

Built to supEort exams of Liquid |
Metal Fast Breeder Reactor Fuel

Adapted for support of hundreds e
of post-irradiation projects

Inert argon atmosphere _-mt_.; ¥ A
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INL HFEF Traditional PIE Capabllltles

* Neutron radiography

« Element/capsule NDE
— Visual examinations
— Weights
— Diameter measurements
— Bowing and length changes
— Eddy Current Oxide Layer Test
— Fission/activation product distributions

» Laser puncturing and gas sampling

« Sample cutting and preparation

« Metallography (microhardness measurements)

* Punch TEM sample preparation (for transfer to EML)

« Currently performing PIE on AFCI experiments; AFC-1 and AFC-2A,
Historical FFTF Fuels, and will begin PIE of AFC-2B,C,D, and Phenix
irradiated FUTURIX-FTA Fuels, RERTR U-Mo/U-Al, HTGR TRISO.
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Metallography Preparation (Containment Box)
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Services

« Analytical chemistry of fission products, actinides, and other
radionuclides in various matrices

« Currently supporting PIE on FCRD experiments; AFC-1D, G, H and
AFC-2A, Historical FFTF Fuels, and PIE of AFC-2B,C,D, and Phenix
irradiated FUTURIX-FTA Fuels in FY10.

* Houses new STDM, uXRD, and TIMS instruments.
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Electron Microscopy Laboratory (EML)

» Materials characterization, including radioactive materials

Zeiss 960 A Scanning Electron Microscope
— Energy & wavelength dispersive spectroscopy

JEOL 2010 200kV Transmission Electron Microscope
— 1.5 MX magnification; energy dispersive spectroscopy

Sample preparation in hood and/or shielded alpha glovebox
— lon polishing, electropolishing, dimpling

Performs all microstructural studies on AFCI fuels and claddings.

Houses the new FIB instrument.
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Non-Destructive Exams

Neutron radiography

Dimensional analysis

— Plate type fuel and up to full length
LWR pins

Visual Exams

Gamma scans

Eddy Current measurements
Gas Sampling

Specific Gravity
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Neutron Radiography

* Locate fuel for disassembly
« Identify cracking

* Density variations

* Hydrides in cladding

—
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Neutron Radiography

« Purpose: Non-destructively interrogate

internals
« Application:

— Evaluate fuel integrity and movement
— Hydriding in LWR cladding

W I‘ R
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Visual Inspection

» Detailed Visual Inspection
— Thru-cell wall periscope 2X, 10X, 25X
— Digital Still Camera Photography

» Macro photography Inspection
— Thru Hot Cell window
— Digital Video Camera Photography
— Digital Still Camera Photography
— Full color with grey balance
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Dimensional Inspection

Purpose: Measure diameter / plate thickness anc
bow and length
Application:

— Cladding creep down in-reactor service and
creep out during dry storage

— Irradiation induced swelling

— Fuel rod growth :

Description: Vg B

— Element contact profilometer: diam. £0.0002 VLT |
in. (£0.0051 mm)

— Bow and Length: £0.02 in. (£0.51 mm)
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Gamma Scan Analysis

« Purpose: Measure gross and isotopic .
profile of irradiated fuels
« Application:
— Relative fuel burnup profile
— Pellet-pellet interfaces
— Relative distribution of various

isotopes of interest in fuel [
+ Description: R
— 4 Degrees of freedom: x, y, z, 180° e
— Multi-channel Analyzer w/ software e
Liorary L
— Vertical Step Travel Limit 0.01 in./step -
(0.05 - 0.1 in. typical) e
==y ——— ‘ 000000 {\ /\\
ARRRARRANEN

= — 0.0E+00
7 9 11
R Z Position

INL-MFC-060104-0806 = - S
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Eddy current measurement system

*Purpose: Non-destructively evaluate the
structural performance of nuclear fuel
cladding

*Application:

—Detect and characterize material
defects

—~Non-destructively measure oxide layer
thickness

—Measures electrical current induced
when a conductor is placed in a region
of shifting magnetic flux

*Description:
—Max. sample size: 1in. Dx 154 in. L
—Oxide thickness uncertainty: £5 um
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Destructive Examinations

* Fission Gas Puncture & Analysis
» Fuel annealing Furnace
 |sotopic & Burnup Analysis
« Metallography
« Ceramography
* Microgamma scan Analysis
» Scanning Electron Microscopy
» Transmission Electron Microscopy
* Dual Beam FIB
« Electron Probe Micro-Analyzer (EPMA)
* Physical properties
— Density
— Thermal conductivity

— Cladding Hydrogen Analysis
— Mechanical properties
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Test disassembly, sample retrieval and furnace
testing

*Purpose: Disassemble irradiation
experiments and retrieve samples for
testing. Perform blister anneal test.

*Application:

—~Disassemble irradiation experiment
capsules

—Retrieve reduced size samples for
SEM / TEM analyses in EML

—Evaluate irradiated plate fuel residual
bond strength

-Description:

Enerpac Hydraulic
C H

—Table top Mill

~SEM Punch

—~Furnace temp: 1200°C
—Furnace cavity: 6" D x 24" H

Cylinder (RC-51), Hose
{HC-T206), Gauge
P-108), G Adapt

(GP-108), Gauge Adaptor
{GA<}, and Hand Pump
{P-142)




Fission Gas Puncture & Analysis

« Purpose: Puncture fuel rod and analyze fission gas
pressure/ internal void volume and chemical/isotopics

Application:

—

— Determine fission gas and helium release

Description:

— Laser puncture system

— Fuel rod internal void volume and gas pressure, +5%
— Plenum gas batch sample chemical analysis

Fission Gas Rel

WAFC-1B @ AFC-1F ~ U-xPu-10Zr |

0.00%

0.00E+00

5.00E+20 1.00E+21 1.50E+21
Fission Density, f/cm~3

2.00E+21

Fission Gas Release, %

2.5

2

1.5

14

0.5

0

10 20 30 40 50
Burnup, Gwd
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Metallography / Ceramog—rap_h§

* Purpose: Characterize
microstructure and micromechanical
properties of irradiated fuels and
materials

« Application:

— Characterize irradiated fuel
grain size and morphology,
porosity, phase, fuel-cladding
interaction

— Measure cladding oxide
thickness, hydride distribution

« Description

— Leitz MM5 RT Metallograph
(80X to 800X)

— Microindenter Hardness Tester

— Automatic stage control

— Integrated data collection and
analysis

— Digital Still Photographic Image
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Isotopic and Burnup Analysis

Purpose. Measure bulk isotopic and chemical

composition of actinide fuel samples as-fabricated
and postirradiation.

Application.

Perform nuclear material accountability
measurements by Thermal lonization Mass
Spectrometry (TIMS) isotope dilution

Inductively Coupled Plasma Mass
Spectrometry-Dynamic Reaction Cell
(ICPMS-DRC) to mitigate isobaric
interferences and obviate chemical separation

ICP-Optical Emission Spectrometry

Derive burnup of metallic, oxide, nitride,
carbide and dispersion fuel forms.

Description:
U, Pu isotopics: <+1.0%
Fission product isotopes: 2%
Elemental analysis: +2-5%
NIST traceable standards
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Micro Gamma Scan Analysis
Precisigp linear stage

Purpose: Measure radial isotopic profile
Application:
Determine radial burnup profile

Investigate constituent migration in
irradiated fuels

Description:

Enhancement of Analytical Laboratory
Gamma Scan System

Precision linear stage and integral sample
holder

Tungsten Collimator

Fuel Sample
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50 kN Instron tensile testing system
installed in HFEF and qualified

Provides engineering data on ASTM
standard specimens

|l_+~u|h'||_ﬂ4
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Mechanical Testing

e Instron Load Frame
 Variable Fixtures

All dimensions in cm
3.81 >

0.478

Tensile Specimen Holder

Grip Plate

Grip Insert - ide Tube
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Fuel annealing furnace for fission gas release
studies

*Purpose. Measure temperature-driven release of
condensable fission products and fission gases
from irradiated fuel

*Application:
—Heat irradiated fuel in helium sweep gas (T
< 2000°C)

—Condense fission Froducts during annealing
on water-cooled cold plate for subsequent
measurement

—Collect and measure released fission gases
(Kr, Xe) in cryo traps

*Description:
~Max temp: 2000°C
—~Graphite heating element
—Helium atmosphere (@ ambient pressure)
—Hot zone: ~ 3.25” diameter x ~6” high
—Computer controlled operation
—Automated cold plate exchange
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Blister Annealing

* Furnace capacity: 6 inch
diameter and 24 inch depth

« 1200°C

* Anneal plates until blister forms
on surface

« Test of clad/fuel bonding

 Combined with GASR to
determine failure mode

« Installation of MFFES and FACS
furnace ongoing
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Physical Properties Testing

*Purpose: Characterize effects of irradiation on basic physic
properties. Provide data necessary to identify fundamental

Immersion

mechanisms and develop predictive models S
.. Apparatus
*Application: & é
—~Immersion density measurements using Archimedes
Principle

—~Density to quantify irradiation swelling
—Density as input to derive thermal conductivity
—Hydrogen measurement by fusion of sample

—Separate released gas and quantify by thermal
conductivity

—Hydrogen absorption and hydrogen embrittlement

LECO RH-400

INL-MFC-DE0111-0827

*Description:
—Immersion density: 20.25 g sample, 1RSD: <+1%
~Gas pycnometry: 21 cm? sample, 1RSD: <+1%

~LECO RH-400 H, Determinator modified for remote
operation

—Hydrogen content: 0.2 g sample, 1RSD: +2.5%
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Physical Properties Testing -2

*Purpose: Characterize effects of irradiation on basic
Physmal properties. Provide data necessary to identify
undamental mechanisms and develop predictive models

*Application:
—Determine tensile properties/ducitility for axial and
circumferential directions at room temperature and
elevated temperature prototypic of reactor operation
or storage
—Finite element analysis for deriving properties from
specialized geometries
—~Machine complex specimen geometries from
irradiated materials and cladding from LWR and
advanced reactors
—~Thermal diffusivity to quantify conductivity changes
with irradiation

*Description:
—~Scanning Thermal Diffusivity Microscope
~RAM Electric Discharge Machining (EDM)
~Instron Model 5869: 50 kN, 0.001-500 mm/min
—~Furnace: 1200°C, Inert atmosphere
—Inspection tolerance +0.0005 in.

cco Scanning Thermal
C Diffusivity Microscope
1000um 800um
Detection Detection
) - _Aperlure Knife Edge
LN IPhotodeteclor
- I 800um %
||" Excitation ~Amplitude
Object Aperture Modulator
Distance "
o | e e
i <I> Objective gL
v Excitation Spot Diameter = 40um

f.025)

(@, 407
Ring Specimen
Circumferential @
1004005
j ’& 175+ 004
040+, 004

R_Q50 MIN

Detection Spot Diameter = 50um




\\\\ m Idaho National Laboratory

DOE-NE $15M Investment in PIE Characterization at INL

EPMA — Scanning Electron FIB — Dual Beam
Microprobe Analysis Focused lon Beam
&S~  STDM - Scanning Thermal
y Diffusivity

TIMS — Thermal lon Mass UXRD — Micro X-Ray

Spectrometer Diffraction



Shielded Microprobe Analyzer (EPMA)

*Purpose: Measure the localized micro-
scale chemical composition of whole
transverse cross-sections of irradiated fuels
and materials and perform electron imaging
of these samples.

*Application:

—Characterize compositional
homogeneity of as-fabricated
actinide-bearing transmutation fuels

—~Analyze fuel constituent migration in
irradiation fuels.

—Quantify radial distribution of fission
products such as rare earths

—Characterize fracture surfaces of
irradiated materials using electron
imaging capability

*Description:
-4 WDS spectrometers (4 crystals)
—~SE detector for imaging
—Be to actinides sensitivity: 20-100
ppm
—Software: User input data.

—~e
m Idaho National Laboratory

iy epunnd WP W

> Leddling

vt

- “JJLVMW ——

Wty

wwvw

ﬁuﬁ |‘.u




E,
\ *“_l_) [daho National Laboratory

Scanning Electron Microscopy

*Purpose: Characterize as-fabricated
microstructure, phases and homogeneity of
actinide fuel forms

*Application:

—~Determine composition by energy dispersive
spectroscopy and wavelength dispersive
spectroscoy

—Identify phases using crystal structure
information by electron backscatter diffraction

—Study fuel cladding chemical interaction

Description:

~JEOL 7000F SEM with EDS, WDS, EBSD
detectors.

~Mag: 200,000x (4 nm resolution)
—Probe current: 200 nA
—Airlock for rapid sample exchange

~Infrared chamber scope for observing
detector and sample positions in the
microscope

—Software: User input standards
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Transmission Electron I\/Ilcroscopy

» Purpose: Characterize nanometer-scale
microstructure, phases and homogeneity of
actinide fuel forms

« Application:

— Characterize small scale structural
features: precipitates, dislocation loops

— ldentify crystal structure information
Determine composition by energy
dispersive spectroscopy

» Description:

— JEOL 2010F TEM with EDS and STEM
— Resolution: 0.23 nm

— Double tilt high temp holder: 800°C

— Digital camera: 2k x 2k

w&»‘ Oxide layer analyzed

Desired location for hole to form
during ion milling
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SEM Punchings

« Commercially available
punch adapted for hot cell
use

Enerpac Hydraulic
cylinder (RC51}, Hose

* Punch Imm-5mm diameter (He.7208), Gauge

(GP-108), Gauge Adaptor

Ssam p | es (GA4), a{r;mg;w Pump
 Punch directly into storage "ine Untes P

(MS508}), with a 1 mm

bOttI e punch and die set

(DSTMM)

« Transfer to another facility — resmseie
for sample prep/analysis

Tube
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Transmission Electron Microscope (TEM) Sample Prep

*Very small samples (1mm
diameter)

*Uniquely made grinding setup

*Performed in glove box

*Use magnifying goggles for
enhanced viewing
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Shielded Dual Beam Focused lon Beam (2)

*Purpose: Investigate damage that occurs at the

submicron level in irradiated fuels and materials. Prepare

small volume samples of highly activated materials for

subsequent examination in the Electron Microscopy %‘
Laboratory. - - LT
-Application: E'

—Electron and ion imaging
—Site-specific microsectioning for TEM membrane
preparation
*Description:
—~Ilmaging resolution: <3 nm

—-3D image and chemical reconstruction of
submicron features

g
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—Advanced analytical capabilities

Two columns for simultaneous imaging
and microscale milling and sectioning
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Matmnal Loinnubic Sver Facseny

*» CAES is a collaboration
between INL and ldaho
Universities

« CAES facility owned by
State of Idaho

« CAES will house high-end
equipment for use with
lower activity samples

« Atom Probe, FIB, SEM,
TEM, nano- indenter

« Small sample mechanical
testing (30 kN Instron,
1000°C furnace, shear
punch, drop tnwer}

* NRC licensed facility

« Material quantity Ilmits
sufficient for atom probe
and TEM on fuel

» Qutside the INL firewall,
easier remote access
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Overall INL Campus Plan includes PIE facilities

TREAT (~2016) 7, Office Building (~2019)
Fuels Conditioning Facility (FCF) —_— Fuel Fabrication
Power Plant Relroft o Offce Faciit el ons

Characterization Laboratory (2012)
Hot Fuel Examination Facility (HFEF)

Fuels &
Science Building (FASB)

Post-Irradiation Examination
Line Item Facility (2016)

Technical Support Building (2012)
Dial Room

. {~2021)
»ace Power Systems Facilty

koho Notionol Loborglry MASTER PLAN AERIAL VIEW Flad Architects
September, 2010




H
% ldaho National Laboratory

Irradiated Materials Characterization Laboratory
(IMCL)

* New nuclear facility (GPP project at INL)

Test bed for deployment of advanced scientific instruments in a highly
shielded environment appropriate for irradiated fuels/materials

Construction to begin in 2011
Operational in 2013

Initial instruments:
- EPMA
-~ FIB
— Micro XRD
— FEG-STEM
— Mechanical Testing
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Artist concept of an Advanced post irradiation
examination (APEX)

loho Noiorol oboralry EXTERIOR VIEW 2 Flad Architects

PLE. Facility Secrarioer, 200
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Thank you
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