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IRP: Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks:
Functions and Requirements

PSU, UIUC, USC

M Overall Goal: develop and demonstrate robotic multi-sensor
iInspection systems for monitoring dry cask storage canister
(detection of cracks and detection of SCC-inducing salts) and
concrete overpack (microcracks)

U.S. ISFSIs, Curie.ornl.gov

Hope Creek ISFSI





IRP: Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks:
Functions and Requirements

PSU, UIUC, USC

M Canister Types: sensing systems for
welded stainless canisters, delivery _
system for MPC/HI-STORM, steel-clad POINt™N
and exposed concrete overpack

M Access: LIBS via optical fiber and
multiple EMAT heads will be delivered
via the HI-STORM ventilation system

M Size Constraints: robotic multi-sensor
system will navigate to and operate in
gap between full-length guide
channels in HI-STORM overpack

B Operational Implementation: robotic
multi-sensor system will be operated
from outside the cask and follow
ALARA





IRP: Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks:
Functions and Requirements

PSU, UIUC, USC

B Canister Types: sensing systems for
welded stainless canisters, delivery ACCESS HI-STORM
system for MPC/HI-STORM, steel-clad pomt\
and exposed concrete overpack

M Access: LIBS via optical fiber and
multiple EMAT heads will be delivered
via the HI-STORM ventilation system

M Size Constraints: robotic multi-sensor
system will navigate to and operate in
gap between full-length guide
channels in HI-STORM overpack

B Operational Implementation: robotic
multi-sensor system will be operated travel down plenum
from outside the cask and follow between guide channels
ALARA





IRP: Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks:
Functions and Requirements

PSU, UIUC, USC

M Environmental Requirements: the electronics and materials of
the sensing equipment will survive 250 F (with an ultimate goal
of 350 F) with a gamma dose of 2.7 x 10* Rad/h (270 Gy/h) for at
least a few hours; the time to perform partial and full monitoring
of the welds will be estimated

M Environmental Requirements: modeling effort will use COBRA-
SFS and MCNP6.1 to calculate temperature and radiation field at
various locations inside and on the cask surface

M Environmental Requirements: the robotic system will be
designed to not damage the cask surfaces and be retrievable
with a tether

B Material Compatibility: organic materials,
cobalt, and Teflon will be avoided

Gamma-ray irradiation
at Penn State RSEC





IRP: Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks:
Functions and Requirements

PSU, UIUC, USC

M Localization: the robotic system will be able to trace its position
to within 2” (50 mm)

B Measurements: LIBS Detection of deposited salts; demonstrate
ability to detect 0.05-10 g/m? of NaCl deposited on stainless
steel; quantitative benchmarking will be performed and
detection limits explored

B Measurements: ultrasound detection of cracks in canister;
arbitrarily oriented semi-elliptical cracks 0.21x0.42” (5x10 mm);
start with EDM notches and later demonstrate capability for
realistic stress corrosion cracks

B Measurements: noncontact ultrasound
monitoring of exposed concrete
overpack for microcracking; steel-clad
concrete will also be inspected for
voids and major disbonds





IRP: Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks:
Functions and Requirements

PSU, UIUC, USC

B Measurements: radiation detection and temperature
measurement for calibration of the models will be performed as
part of the multi-sensor robotic system

B Data Acquisition and Management: DAQ system located outside
the cask will acquire, process, and fuse data from the sensing
systems; open file formats will facilitate collaboration in
analysis of results

M Validation: systems will be demonstrated first on table-top
experiments and later tried on partial and full mockups; the
sensitivity of the robotic and sensing systems both to radiation
and to thermal/humidity conditions will be demonstrated
separately

M Validation: reproducibility of
results will be demonstrated





Canister NDI

Melody Strayer, Chad Lani, Hwanjeong
Cho, Sungho Choi, Cliff Lissenden

Matt Lindsay, Owen Malinowski, Jason
Van Velsor





Guided waves (SH type) provide capabilities for
detecting stress corrosion cracks in HAZ of weld

e Guided waves have proven capabilities (Rose,
1999 & 2014)
v’ Detecting defects in plate, pipes ,etc
v’ Applicable for structures with limited

accessibility
e FE simulations show utility for detecting cracks SCC:
in HAZ 1. susceptibility

Wave Paths:
1. along weld
2. across weld
3. oblique

2. tensile stress
3. conducive environment

Pulse-Echo

99





Compact EMAT (and MST) transducers are being
developed for robotic delivery in harsh environment

1
e EMAT and MST are under consideration

v Neither need couplant — applicable for high-temp. ~ EMATS: need to
v Will make selection based on SNR, Sensitivity, etc be more compact

* Prototype compact EMAT transducers are under lab-scale functional assessments
v’ Tailored for high temperature / high gamma radiant application

v’ Center frequency is at 0.25 MHz, polarized for shear horizontal waves





“Weld-guided wave” shows potential for detecting
cracks in weld HAZ

-7

\

From : Fan and Lowe (2009)
Pulse-Echo

e “Shear weld-guided wave” exist in weld
(Fan and Lowe, 2009)

e FE simulations show great potential of weld-

guided wave for detecting cracks in HAZ as

1
well as weld 11





A lab-scale mock-up of HI-STORM 100 is under
development

* Realistic lab-scale mock-up will serve as a
[}
test bed for robot/sensing systems g *"ﬁ\}'r
v’ Delivery/retrievability tests for robot .. /f%j”
v EMAT measurements . )
v’ Chlorine concentration \
measurements test s N
a5 S
v' Temperature measurement k,,l’fr%\) N
e Will be equipped with a heating system to
aHiPp &5y Holtec HI-STORM
evaluate robustness of the (Meyer et al, 2013)
delivery/sensing systems

Mock-up design
) (in progress)
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Elemental composition analysis

« Sample coupons are created from NaCl solution
dropping on top of stainless steel coupon
« Solution molarities are between 0.01 M to 5M
corresponding to estimated 0.6 g/m? to 300 g/m?
« Samples are mapped using EDS/SEM technique Figure: Droplet
e Highly nonuniform distribution of deposits suggests of solution on
that a scanning measurement will be required to draw SS coupon
conclusions on salt areal concentration

Figures: EDS scan(left) and spectrum (right) of residual 0.01 M NaCl

: . PENNSTAT
solution on stainless steel coupon 14
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Elemental composition analysis

 LIBS set up has been adapted for the experiment
 LabView software for LIBS measurements has been adapted

Figure: Detail of current free-space
coupling for spectral analysis

Figure: LabView command interface

PENNSTAT

€

15





Temperature and radiation sensing

e Radiation sensing:
e Canberra RGR-100 detector purchased
e Preliminary experiments examine the detector using Co-60 source
« Additional vendors contacted regarding alternative detectors

« Thermocouple comparisons are in progress

Figure: Testing detector with Co-60 Figure: Data template of RGR-100
PENNSTAT
source 1edetector

€





IRP Progress Update:
Robotic Delivery System

Bobby Leary, Karl Reichard, Sean Brennan

The Pennsylvania State University
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The maximum temperature within the cask is 350°F, but most
off-the-shelf robotics supplies can only withstand temperatures
up to 140°F.

18





In the event of actuator failure, passive removal can result in
wedging or jamming of the robot with a channel.

Case 1l Case 2

19





To help with testing the wedging and jamming analysis,
transparent mockups of each restrictive case are being

designed.
(\ Inlet

Acrylic

Channel Channel

MPC
20 T~





Multi-Sensor Inspection and Robotic
Systems for Dry Storage Casks
Task 6 - Data Analysis, Management
and Security

Advisory Board Kickoff Meeting

Karl Reichard, PhD
The Applied Research Laboratory
The Pennsylvania State University

21





Data Collection and Processing System

Concep
Optical Sensors Interface ¢ \\\
(LIBS/Raman) Electronics Sensor Data W Inspection B
Ultrasonic NDI Interface Processing Display i
Sensors Electronics

Lidar

Cameras & Video
(Vis, IR, Thermal)

Ultrasonic Distance

Sensor L
Mapping & Na\{lga:tlon
Tracking J Display

Data Acquisition &

Inertial :
_ Single or
Magnetic — Multiple
Environmental Local Data Displays

(temp, humidity,

Storage
radiation, etc.) 8

Sensor Control

Identify sensor interfaces and data bandwidth requirements

Conduct cost benefit analysis for inclusion of sensors to allow final sensor down
select

Procure and assemble hardware for the data collection and processing system

22





Current Work

e 5 Subsystems Requiring Sensor Data Collection
— Robotic Delivery System
— EMAT / Ultrasonic Sensing
— LIBS Measurement
— Temp & Rad Measurement
— External Concrete Inspection System
e Approach

— Treat each system as separate from a data acquisition
standpoint

— Each subsystem may have unique data collection requirements
so a single common data acquisition system may not be feasible

— May need to fuse data for operator to guide sensor placement





Current Work

e Data Management

— Don’t try to force all data collection through single data
acquisition system

— Focus on commonality of data formats to facilitate post
measurement analysis

— Create single database structure to manage data, even if there
are some differences in data formats / meta data collected
with primary measurements

— Currently working on identifying sensors (primary and
secondary), sample rates and data formats from each
subsystem





Current Work

 Impact on Sensor Delivery System (Robot)

— Power requirements for sensors — will be provided from a
supply external to the cask, so minimal impact on robot

— Cabling - this is the big driver for the robot design. Cables will
have strength and bend radius properties that can have an
effect on insertion and extraction of the robot delivery system

— Gathering data on cabling requirements, then include cabling
properties in ongoing insertion/retrieval simulations





Damage Types and Detection Approaches

Horizontal Systems

Receiver Sender

Surface guided wave

= Surface guided wave approach:
forward- and back-scatter
configurations

7 = Ultrasonic waves interact with
\-f":_ """ oo = - sub-surface concrete damage
» Contactless sensing enables
rapid scanning
Sender _ » Guided plate wave approach:
Receiver leaky wave propagation in steel
« liner
3

> Guided plate waves

SNS

26

Configuration enables inspection
of underlying concrete and back
side of steel liner

Contactless sensing enables rapid
scanning

lLLlNUIS

UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN






Research Progress (1) —

Horizontal System

Finite element simulation of wave scatter caused by distributed cracking

in concrete

stp = 50, MEMS = 1 at A2Solid

area of |V2|

- X

AV
— 7N
R E—

=3

0%

1% 5%

......

10%

Results from a range of simulated internal crack contents (0 to 10% by
volume) show that back scatter wave energy increases monotonically

as the cracking content increases.

UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN






Research Progress (2) — Vertical System

Finite element simulation model for wave propagation in steel liner
bonded and disbonded to concrete underlying substrate

CLOAD = 1.00e+00

SABER SRR EARBABEN

-

Steel

Concrete

s

I

Disbonded Bonded

2 WL LLINOIS
Zg)‘ UNIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN






Research Progress (2) — Vertical System

FE simulation data presented in MASW phase velocity map (top) and cross-sectional
distribution of Von Mises stress (bottom) at a given time instance. Only SO and AO
modes generated at 50 kHz; distinction between bonded and disbonded cases seen.

Bonded Disbonded
S0 Mode Q
Bonded

-:wr o TRIED . OO - =N
y A0 Mode '
Wave transmission through concrete:

Disbonded
v L3 s FOERCEmE P TIee s eB ETNT T NS R \aPe LD

S0 Mode AO Mode

29 ILLINQIS











Radiaton Dose and Thermal Analysis

« Developing or utilizing:
 State-of-the-art tools for radiation transport and dose calculation and
thermal analysis

» Detailed cask models to include detailed fuel and basket structures

 Collaboration:
* ORNL - Centralized Used Fuel Resource for Information Exchange
(http://curie.ornl.gov/)
o Detailed HiStorm100 model for thermal analysis
» Modified version of COBRA-SFS — Approvals granted through
ORNL-CURIE

» USC developing a detailed model of HiStorm100 for radiation
transport and dose calculation.

« MCNP (LANL developer) for radiation transport and dose calculation

» USC updating current version of COBRA-SFS (PNNL
developer) to Fortran95

» Cobra-SFS subchannel code for thermal analysis

« USC Beta user for SCALE-6.2 (ORNL developer) for source
enSratlon (source neutrons and photons from decay of used
ue




http://curie.ornl.gov/



Radiation Transport and Dose Calculation

Computational Tools Output Information

* Transported neutron spectra, MPC, Overpack
°
M C N P 6 ) 1 Transported photon spectra, MPC, Overpack

* SCALEG6.1 ! Sose romactaed rfmeaion
+ ORIGEN-

d
«  Electronics damage = Si damage, defined by dose —Nps0 = 6.B0E Nys59-hey50 Nipyso
ARP Site specific dosimetry, vent entrance dt

60 Co 60m 10467m o

7 CO Sl Ty ————————— 05054
I %9.83 '
(E ¢( E) 9o sl (e N
1.1732 MeV'y
ot 4. SILICo 1.332 24
10° 1 P\ |
: \_\. \.\ ) .
s \ bdo | . |13325Mevy
o s A
\ 5
\ | Current Tasks
3 kY ! » Parallel development of assorted
¢ \ | Overpack, MPC models
N 5 » Tool package development, listed
10" LT outputs
e e e Literature investigation, methods for
107 — _ guantifying_electronics damage under
e mixed Species radiation fields

»  Fine treatment of output data in terms
of space and energy

*  Fine treatment of geometry, use of
publicly availableresources for
evaluation

32





Cask Modeling and Dose

Design Process, Variations

» Holtec HI-STORM 100 family

* Current focus, MPC-24 design

Overpack |24 32 68
Assembly | Assembly | Assembly

[HI-STORM 100 | [[MPC-24 | MPC-32 MPC-68

HI-STORM MPC-24E | MPC-32F | MPC-68F

100S

HI-STORM MPC-24EF - MPC-68FF

100Sv. B

Geometry: HI-STORM 100,
MPC-24

33
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TMAA4: Novel System Monitoring
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Sensor Module — Boise State Barnacle
V1





B

Sensor Module — Boise State Barnacle V2





B

Recall: Second Generation “Barnacle”

Power efficient
motherboard
Stress Corrosion Cracking 4
Relative humidity
Radiation (gamma)

K-Type thermocouple -

Time of wethess

Corrosivity v

6.2”
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Sensor Module — Boise State Barnacle V3

Smaller size
Weather proof
Compact SCC sensor

High temperature
electronics

Complete processor
access





B

External Features

Weather Proof

RJ-45 Data
Intefface
v
SCC
‘ Sensors

Relative Humidity and
Atmospheric Temperature

Time of Wetness
Senspr

K-Type

Thermocouple : \
P Atmospheric

Corrosion  Mounting
Sensor Points





B

Mounting





B

SCC Sensor Array for Atmospheric Testing at UW

Thick Strips Thin Strips Thick Wire Thin Wire





B

Sensor Response to Solution Chemistry

Wire electrode resistance
plotted vs. time in solution

Gradual increase in
resistance due to
progressive electrode
thinning due to
corrosion/SCC propagation

Sudden jump in Resistance
indicated complete wire
failure

Sensor concept validation

0.031M HCI
in 3.5M NaCl

0.015M HCI
in 3.5M NaCl

0.008M HCI
in 3.5M NaCl





B

SCC Failure of 250 um Electrode



Presenter

Presentation Notes

Nice stress corrosion cracks on wires. Little to no evidence of pitting and no plasticity in crack region = textbook scc





B

Ribbon Electrodes for SCC Monitoring

When failure occurs corrosion(or
SCC) has propagated across the
entire electrode

Array of sensors of increasing width
provides rate data over time as
sensors fail




Presenter

Presentation Notes

Different width ribbons are distinguished by different resistance values (proportional to ribbon width).  Also the effect of solution concentration is seen, blue is 1 M NaCL and red 2M Nacl, clearly showing that the time to failure is dependent on chloride concentration. 

Image on left is top view of a ribbon sample after testing showing SCC crack colonies.
Image on right is a cross section view of the ribbon showing distinct SCC crack propagation, in this case about 50% through the thickness.





TMA3: Canister Corrosion

Engineering f"h._l;.:i ics

- =y oyt min e bdmam

Technical Mission Area 3
Container Corrosion

University of Wisconsin, Madison
Students: Ben Hauch, Brandon Semarau, Hongyi Mi,
Kelsey Amundson, Soham Banerjee, Dylan Clark
Guoping Cao, Jack Ma, Jake Blanchard, and

Kumar Sridharan
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Boise State University
. Ih'li::lg‘arel H‘gliley and Darryl Butt
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D E P A R T M E N T O F

Outline of Experiments Engineering Physics

ollege of Engin University of W

ASTM D 1142-08 Sea Salt

= Corrosion Add 42 g/l, 2.4% NaCl content in water
= Salt on sample Dry Salt Composition
hydration (SOSH) NaCl 58.490%
= Salt spray MgCl, 6H,0 | 26.460%
« Pit profiling Na,SO, 9.750%
= Electrochemical CaCl, 2.765%
= Stress Corrosion KCI 1.645%
CraCking NaHCO, 0.477%
. . 0
» Fatigue cycling ::Béo 8'33?;’
- Constant load 83CI ZH - 0'095;
r 2 2 . (0]
U-bend exposure NaF 0.007%






Experiments: SCC U-bend ok rAw TN ENT 01

Eng:neermg Physzcs

Exposure e
= U-bends were corroded to
determine temperature and - oaioos oaroms—
humidity bounds for initiation | é

e A
]
in |
o
i ]
T @‘
]

= Constant strain samples with
strains estimated to be ~15% at
bend apex

= Quantification of crack length and
corroded area possible with
imaging tools

= Tests lasted up to 22 days, all
were in 80% RH salt water vapor
conditions

ASTM G30-2009.






Experiments: SCC U-bend TTITTITT Ty TTTTEr
Exposure

College of Engineering Untiversity of Wisconsin-»

Dramatic difference in
corrosion between 80°C
and 30°C experiments

Largest pits observed:
= 30°C: 3,000 um?
= 80°C: 12,000 um?

No cracking was
observed in 30°C or
60°C samples (100 um
or larger)

18





Experiments: SCC U-bend ok rAw TN ENT 01

Engmeermg Physzcs
Exposu re - Hellod A

= Prototypic weld plate created by
colleagues at Idaho National Lab
(INL) to simulate canister design

» Ideal material for corrosion testing
= Weld plate was first sent to be
waterjet cut and then EDM wire cut
in order to have wafers for U-bends

Water jet cutting of prototypic weld plate

Final wafers produced post-EDM cutting






Experiments: SCC U-bend ok rAw TN ENT 01

Engineering Physics
i -t ity of Wisconsin-Madison

Exposure, Heat Affected Zone =™ ™

304 weld HAZ, 50C/100hr 304 weld HAZ, 60C/100hr

The heat affected zone is in the lower stress location of U-bend (not the
bend apex ).

SCC cracks appears initiated after 50C/100hr test.
More corrosion and cracks occurred in the HAZ tested at 60C for 100hrs,






Experiments: SCC U-bend ok rAw TN ENT 01

Engineering Physics
College of Engineering University of Wisconsin-Madison
Exposure o |

= In order to assess the level of stress placed upon the new prototypic
weld material by U-bends, a variety of bending angles were tested
= All samples still displayed regions of deliquescence as seen
in the previous 60°C samples. Corrosion increased as bending or

strain increased.
flat 304 weld, no bending 304 weld, slightly bent

New sample chamber with samples

SEM image of prototypic weld samples at various bending angles





D E P A R T M E N T O F

Concluding Remarks Engineering Physics

College of Engineering University of Wisconsin-Madison

= Experiments to understand corrosion and SCC of stainless steel /
welds in dry cask storage environment have been implemented

= 304L, 316L stainless steel in the as-received condition, sensitized,
and welded conditions have been tested

= Salt on sample hydration (SoSH) tests was developed to study
pitting effects from salt deliguescence prototypic to canister
application; electrochemical tests were used to study
repassivation kinetics and salt spray tests were used to asses
mass change due to corrosion

= SCC studies were performed using fatigue loading, constant
loading, and using U-bend tests, all in prototypic conditions of
temperature and humidity (30°C to 80°C and 80%RH)

= Pits and cracks have been statistically evaluated and a strong
correlation exists between pitting and SCC (this data can be
inputted into pit growth models)

= Most significant cracking occurred at 80°C in 80% RH; sodium
chloride deliguescence attack was found to occur at this condition

= Significant increase in crack density was observed between 50°C
and 60°C for weld samples

= Sulfide inclusion pitting was observed in many cases; inclusion
pits and chloride-induced pits demonstrated minimal growth at
60°C and below
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Low Temperature, Long Term Creep of
Zr-based Alloy Cladding

M. Karnick and G.E. Fuchs
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Creep In Zr-2
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Fidleris, V. (1969). The Effect of Texture and Strain Aging on Creep of Zircaloy-2

m V. Fidleris has done research on creep rate in Zr-2
— Data was fairly unpredictable
m Expected data for Zr-4 is similar, ruling out an easy unified
equation

Materials Science and Engineering g
High Temperature Alloys Lab

A':’}QF University of Florida 24





Stress Relaxation Test Method
L L ryrrELmnmm

m Stepped stress-relaxation testing

m Samples are pulled to a set strain, then relaxed for 1-2
hours or until fully relaxed

Materials Science and Engineering g
High Temperature Alloys Lab ~

AQQF University of Florida 25





Creep Data
| | ¥ I | [ | Is[ml

* Data tested at 300 C for 1000
hours does not show signs of

linear creep yet % Creepat 300 C
p y 1.6
* Primary Creep removed for L
better secondary creep 5 1
. o 8 0.8 y=0.4415x01582
predICtlon X 06 R2=0.7853 | —
« If the simplistic predictive .
Curve iS fOllowedﬂ eXpeCted ’ 0 . IZ(HJOI | I4(i]0I | I6(i]0I | I8(i]0I | I10i00I | I12EOO
creep at 100 years is 3.64% ime (hours
Materials Science and Engineering g
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‘Biaxial Creep

Uniaxial Test

Biaxial Test

fto—o}> [IIIr111] o]




Presenter

Presentation Notes

Enter speaker notes here.
In a typical creep test,
the uniaxial load was applied on longitudinal direction of specimen. The elogation of the gauge legnth along the loading direction was recorded.

In this study, a pressurized tube technique was employed. The high purty argon gas was used to pressurize our creep tubes. To study biaxial creep behavior, the creep strains were obtained by measuring diameter at various exposure times. 





Failure Mode of Nonhydrided Zircaloy-4 Tube at 500°C

Stress Ratio, R, a ratio of “true stress” and initial
stress at mid-wall of the tube
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Zircaloy-4 OD Creep Strain @400°C and 300°C air, enlarged view within 400 h
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Zircaloy-4 OD Creep Strain Rate @400°C and 300°C air
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I T I I T I T I T I T I T I T I
10° - .
] —=— 65 MPa, 0 ppm, 400C
—e— 55 MPa, 0 ppm, 400C 1
107 4 —A— 65 MPa, 0 ppm, 350C .
] —v— 65 MPa, 0 ppm, 300C ]
—<4— 65 MPa, 750 ppm, 400C
10° —»— 65 MPa, 750 ppm, 300C i
10° E 3
10‘10-: -
10" t———

500 750 1000 1250 1500 1750 2000

Mean Time (h)

1/s)

SN—"

OD Strain Rate

OD Strain Rate in Linear Scale

3.0x10"

2.0x107 1

1.0x10" -

0.0

—a— 65 MPa, 0 ppm, 400C | |
—e— 55 MPa, 0 ppm, 400C
—a— 65 MPa, 0 ppm, 350C
—w— 65 MPa, 0 ppm, 300C
—<4— 65 MPa, 750 ppm, 400C
—»— 65 MPa, 750 ppm, 300C

v—i o o o S

0 250 500 750 1000 1250 1500 1750 2000
Mean Time (h)

All creep behavior of nonhydrided tube exposed for 2000 hours had

not reached a steady-state strain rate, i.e., still in primary stage.

For the test at 300/350C, the small strain close to the measurement
limit of laser profilometer. This caused the slightly fluctuated curve.





NC State Experiment Summary

» A method to produce Biaxial creep specimens has been developed
at NCSU.

» Creep data on HANA 4 shows a transition in Creep mechanism
from Dislocation Glide to Climb at a critical stress.

» The results of Biaxial creep testing of HANA 4 alloy in as received
and Hydrided conditions suggest that Hydrogen fully within the
solution enhances the Creep rate whereas Hydrogen in Hydride
form decreases the Creep rate.

> A significant difference in the Strain prediction on Zircaloys
during dry storage between using the OLD and NEW
temperatures profiles.

» TEM analysis on the deformation microstructure of Zircaloy-4 and
the Creep data suggests transitions from Coble creep to
Dislocation Climb controlled creep.





4. Creep strain predictions
Zircaloy-4 & Zirlo (Zxry-4+Nb)






Temperature profiles — Strain calculation

Old temperature profile

K.L. Murty, “Internal Pressurization Creep

of Thin-Walled Tubing of Zr-Alloys for Dry

Storage Feasibility of Nuclear Spent Fuel,”
J of Metals, Sep. 2000, pp. 34-38.

New temperature profile

Fitting equationl:
T (°C)=517.48 + 155.52 exp(-0.0877t)-0.692257t

Spent fuel transportation applications —
Assessment of Cladding performance, EPRI.






Uniaxial Creep data- Zircaloy4

Dislocation mechanism:
: E 31200\ . a\T
Egice = 1 1712(?j exp (—Tj {smh 750(EH

Coble mechanism:

: E 22600\( o)
E cople =693(?jexp(——T j(gj






Zircaloy-4— Strain Calculation
(hoop stress = 60 MPa)

OLD TEMPERATURE PROFILE NEW TEMPERATURE PROFILE






Total strain calculation
*40 years 1n dry storage *

Old Temp Profile New Temp Profile

Zircaloy-4 (unirradiated) 0.09% 2.2%

HANAA4 (unirradiated) 1.01% 8.30%

Zirlo (unirradiated) 1.17% 14.2%

Zarlo (irradiated) 0.54% 1.17%
» Unirradiated cladding material data yield unacceptably high total

accumulated strains during dry storage

The limited amount of irradiated material data on Zirlo by Westinghouse
clearly leads to far lower accumulated strains that could be acceptable for dry
storage feasibility

More creep data following radiation exposure will be extremely useful in
accurate predictions of the reliability of dry storage of used nuclear fuel

Effect of hydrides is seen to make the material more creep resistant at

temperatures below 450C

Experimental results at low stresses relevant to viscous creep on hydrided
Zrys are needed






TMAZ2: Hydrogen Behavior and
Delayed Hydride Cracking

Hydride cracking in Zircaloy 4: modeling and
experiments

Yang Yang, Ju Li, Yong Yang, Di Chen, Lin Shao

Texas A&M University
University of Florida
Massachusetts Institute of Technology






Characterization BSE
HANA-4

HZrH-2 Post Charging: 1260 wppm HZrH-2 Post Annealing: 540 °C 60 min





Characterization BSE
Zircaloy-4

Zr4H-3 Post Charging: 170 wppm Zr4H-3 Post Annealing: 540 °C 270 min





Hydrogen Measurement

Preparation

* Annealed 550°C for 240 min

» Surface layer removal average Depth
250 um

* Used a section for BSE Imaging

 Measured at IMR Test labs
* Inert gas fusion-thermals conductivity.

Sample Hydrogen wt% Hydrogen wppm
HZrH-2 0.16 1600
Zr4H-3 0.017 170

Measurements of alloy composition performed by IMR Test
Labs, 131 Woodsedge Dr. Lansing, NY. 14882.





Characterization XRD
" sample | s Generated | _After Anncaling _

HZrH-1 € a+d
HZrH-2 € a+d
Zr4H-1 ) a
Zr4H-3 ) o

Epsilon: e-ZrH,  Crystal Structure: FCT Hrange: > 1.6 wt%

Delta: 6-ZrH, . Crystal Structure: FCC Hrange: 0<1.67 wt%





Hydrogen charge

Sample was immersed in a pure H2 gas environment at UF with the
temperature cycling between 200-400C for 12 hours.





TEM sample (FIB)

It has been
removed in

the FIB
sample

------- oG Tayer ~ - '

a) SEM Image of b) SEM image of sample after
Cross-section of bulk sample FIB
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Overview of the sample in TEM How we apply force
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VIDEO
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Bright field image evolution
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Summary






FAST-IRP Project Complete by 12/2015

 The UNF dry storage system is complex and the mission
is bigger than our team.

— The project comprises a matrix of applied research with
strong elements of basic science.

— Eager to collaborate with ongoing programs.

 Our emphasis is on method development, phenomena
characterization, and predictive modeling.

— Four technical mission areas have been defined
* Low temperature creep
* Delayed hydride cracking
* Canister corrosion
* Novel system monitoring

June 9.2015
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Improving the understanding of the coupled
thermal-mechanical-hydrologic behavior of
consolidating granular salt

John C. Stormont
Department of Civil Engineering
University of New Mexico
jcstorm@unm.edu

NEUP project 13-4834





Collaboration between UNM and
Sandia National Laboratories

SNL
Geomechanics Lab
Steve Bauer

Frank Hansen

Moo Lee

UNM

John Stormont
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Laxmi Paneru
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Salt consolidation is key element In long-term
Isolation strategy

Shaft seals

Drift seals

Source: Klein (left) and Hansen (right) in Proceedings of 374 US/German Workshop on
Salt Repository Research, Design and Operation, Feb. 14, 2013.





Coupled nature of consolidation

Mechanical

Hydrologic Thermal





State of predictive ability

5

Source: Hansen et al., 2012, Coupled Thermal-Hydrological-Mechanical Processes in Salt





Objectives

1. Measure consolidation and corresponding changes in

hydrologic and thermal properties at high fractional
densities.

2. Interpret deformation mechanisms as a function of
moisture, temperature and stress conditions from
microstructural observations on consolidated samples.

3.Extend an existing constitutive model to include coupled
thermal-mechanical-hydrologic behavior so that it can be
Incorporated into numerical models for predicting repository
performance.





Consolidation measurements
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Consolidation test specimens






Permeabillity system
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Consolidation measurements
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Consolidation test at 250 °C
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Consolidation test at 250 °C
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Consolidation test at 250 °C
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Consolidation test at 250 °C
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Moisture in granular rock salt

Water loss with temperature
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Ambient water Is released at elevated temperatures
and enhances consolidation.
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The impact of added water (1%)
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Permeability decrease during consolidation
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Post consolidation testing

Thermal properties

/ measurements

Samples for
miCroscopy

\ Permeability

measurements

—_—
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Thermal properties

o < 5%

I

& ~10%
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Permeabillity post-consolidation
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Microstructural observations on consolidated
samples

Tight grain boundaries
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Microstructural observations on consolidated
samples

Brine-bearing negative crystals
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Wood’s metal injection

00 Psi
Pressure vessel
Aluminum foil / Sample glued at base
\ )

Wood's metal \ Hot water ba
\ m (83°C)

TITTTT T 1117

Heat
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Constitutive modeling

Update constitutive model parameters.

Couple constitutive model to permeability and thermal
properties.
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Constitutive model
Hydrostatic stress 20 MPa, T=30 C
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Moving forward

Focus on critical transition porosity

Continue to improve constitutive model
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Questions?
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