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Abstract

Stress corrosion cracking (SC@) Zircaloy-4 fuel sheathdias beerinvestigated bystatic
loading of slottedring samplesunder hot andcorrosive conditions However,in nuclear
reactors,power rampsanhaveshort €.g., 1620 minute} and recurring timeframes due to
dynamic processes such aspower refuellingadjuster rod manoeuvreasnd load following
Therefore, to enable outactor dynana testing,an apparatus wasgesignedo dynamically
strainslotted ring samplesnder SCC conditionsThis apparatus can additionally be used to
test fatigue propertiesUnique capabilities of this apparatus and preliminary results obtained
from staticand dynamic tests are presented.

Introduction

A thin (~ 0.45 mmYXollapsiblesheath made from Zircaled is designed to contain the fission
products emitted from nuclear fuel (WQduring normal operation in the CANDLhuclear
reactor. During a power rampradiatiorinduced swelling andhermal expansiomf fuel
pellets may strain the sheath. In combination with exposuredaoosivefission products
(eg., iodine), the induced streaadstraincould potentiallyinitiate stress corrosion cracking
(SCC) in the sheath, whicharc permit the undesirable release of fission products into the
primary heat transport system.

CANDU nuclear reactors generally operate consistenthaseload power to take advantage
of low fuel costand ease of fuel managem¢hf2]. However, as nuclear power occupies a
higher percentagecyrrently 50% in Ontario, Canadaof the power gridthere is a trend
toward periodic variations in load power (load followingh Francefor example,nuclear
power has occupied’4-79% of the power gridfrom 20022012, and nuclear reactorare
operatingwith load-following capability[3].

All Ontario CANDUSs including the units at the newest statigiarlington and Bruce B
were designed for some loagicling without using turbine steam bypdds CANDU load
following testingperformedin the 1980sn research and commercial reactaas generally
encouraging.For instance, perational feedback fro@Bruce B reactors shieedno evidence

of fuel failure fromstress corrosion fatigue (SCfer up to 3 reactor power manoeuvres per
week for 9 monthgd5]. At that time, Hastingset al. reported that the data showed no
discernable difference between bésad and load followingperation, the fuebundle defect
rate remained below 0.1%, and that activity burdens inth@asport and purification systems
remained at low levelg5]. However, the cycling tests of the time were limited to less than
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100 cycles. Since the residertoee of Zircaloy bundles ineactor averages about 2300

days, daily loadollowing would generate hundreds of strain cyclesTayal et al.
demonstrated through initial analytical assessments for SCF that fuel would survive more
frequent loadfollowing operation albeit with reduced margins to failufg]. The CANDU

designs for nevbuilds, such a&C6 and ACRL000,will be capable of deep, planned lead
following, which involves cycling down from 100% to 60% (EC6) or 75% (ATRO)

power and back. For both designs, 50% power can be achieved by passing excess steam
directly to the condensers

Dynamic operations can cause considerable strains in CANDU fuel shéathsstance, the
minimum strainpredictedto initiate stress corrosion cracking (@5% [7]) is generally
exceeded during power ramping in CANDU fuel, wherein the hoop strain in the sheath can
reach values of 0-8.3%, and drop by 0.6% during a shatch condition. Furthermore, the
highest strains occur at fast ramp rates (1-kkWmin™), because they reduce the time
available for fuedensification(FD) [6]. Note that~D occurs in the early stages of irradiation
andthat modern day fuel begins athigh density i(e., 98% of theoreticalUO, density to
reducein-reactordensification

Stress corrosion cracking (SCC) in Zircaldyfuel sheaths hagreviouslybeeninvestigated

by static loading ofslotted ring samplef8]. At 300°C, Wood found that slottedircaloy

rings crack in iodine vapour at applied hoop stresses greater than 217 MPa, where the failure
time depend critically on whether the idde concentration excee® mg b per cnf of
Zircaloy material Above ths thresholdiodine concentrationresults byQuastekt al. suggest

that the corrosion resistance of Zircakbglotted ringscan beimproved by directly (pure £

or indirectly (hyperstoichiometric U@plus dried graphite) adding oxygen to the sysign

However, h static loading tests, the stress must be applied before the slotted ring is raised to
the test temperature in a corrosive environment. In addition, the appésd sontinuously
relaxesduring the test, which means that the stress could decay below the threshold stress for
SCC during a long incubation period. These are disadvantages that make interpreting results
difficult [10]. To overcome this, Cox developed apparatus for remotely stressimgact

(not slotted)Zircaloy rings ineither tension or compressiorallowing stress to be applied

after the environment reaches the test temperature. In thigheagtresg€anremain constant
throughout the tegi1].

In a noncorrosive environmeniWaheedet al. conducted fatigueycling tests on Zircaloy
tubes fora load-following program[12]. SlottedZircaloy-4 sheathrings were heatreated to
simulate heagffected and transition zones, while the stredigved condition was obtained
from asreceived sheathing.Due to the high strain rates (38 Hz) used plastic strains
dominated the fatigue life of Zircaley and that temperature (up to 300°C) played an
insignificant role. In addition, nicrostructural diffeences significantly varied the fatigue life,
with the transition zone having the longest fatigue life.

Hosbonsdemonstrated that a corrosive environment reduces the fatigue ldaenefaled
Zircaloy [13]. At 300°C, pecimens were subjected to repeatgersebendingstrain cycles
at a 0.01667 Hz cycling frequency. Control specimens were testedandiother specimens
were tested in air containirly03mg-cm™ of iodine. In the iodine atmospheréde fatigue lie
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of annealed Zircaloy (with no holdtime at a total plastic strain of §%lecreased by
approximatéy 40%, from 212 to 136 cycles.

In our experimental studya uniqguedynamic loading apparaty®LA) is designed to apply
static or dynamicstrains externally on slotted ring samples magonfilled environment
containing iodine Dynamic loading allows stresses to be applied after the environment
reaches the test temperatureln addition, the DA enables simultaneous reahe
measuremds of ring loads and strains, as well as chamber pressure and temperature.

1. Dynamic loading apparatus

A dynamic loading apparatudLA) has been designea tinvestigate the behaviour of
Zircaloy-4 ring specimensunder dynamic stresses in hot and corrosive envirorament
(Figurel). It is made almost exclusively of p @tainless steel to accommodate high
temperaturegup to 300°C)and offer resistance to iodine corrosion. The overall cylindrical
design fits into &5 mminner diameteguartz tube within #0 mmdiametertube furnace.
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Figure 1: Components of tl# A prototype. A programmable linear actuator cycles a
cylindrical rod through four ring holders. Within a given ring holder, the adjustable support
(Il abar)isedt ached to the rod, anB )t he swedtdieadn aro
apparatus. Consequent | X", add’'dsWottedtrenghf ast
when the cylindrical rod moves in the direction of the yellow arrow.
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Within the apparatus, yhamic ing deflection is achieved using a programmable linear
actuator, whicleyclesa cylindrical rod through four ringoldersat an adjustable spee&tach

ring holder has aradjustable support attached to the rod | a b eA’ || e & il)gamda
stationary support welded to the apparatys! a b 8t | e & i . @onsequeht)y, a slotted
ring fastAneaB’da afoydichlly openand close ashe rodcyclesback and
forth. The strain amplitudesxperienced by fastened ringan beincreasedoy manually
increasing the distance between the adjustable and stationary supmortsby pre-
programminghe slot displacementsisinga LabVIEW interface (Section.2).

Once theslottedrings are loaded orhér respectivering holders(Figure 1) the chamber is
closed(Figure 2a) Optionally, for corrosion experimentn iodinefilled glass vial may be
placed into a specially designed holdErgure 2b)within the chambebefore its closure
Adjacent to the vial holder is a screlattranslats into the holder and breakhe iodine vial
atanappropriate time by rotating a dial at the far end of the apparatus (Figure 2a).

Three equidistant pipes (three black arrowgyure 2a and Jcdirected into the chamber
accommodate the thermocouple rod, inlet gas flow ta@dutlet gas flow. The pipe for inlet

gas flow extends nearly completely into the chamber to ensure turbulent gas flow. The pipe
for the thermocouple rod extends midway inte thamber within close proximity to the ring
holders, where it is closed off to isolate the metal thermocouple from direct contact with the
iodine environment.

A load cell monitors the force exerted by the rings on the rod. A transient force measured by
the load cell indicatethe sudderfailure of at least one of the rings. A pressure transducer
and K-type thermocouple monitor the pressure and temperature in the chambestrain
gaugesnonitor stress relaxation and calibrate the strain responseitem gjot displacement.

1.1 Sample preparation

Zircaloy-4 tubes were sectioned into slotted Zircadbyings using a Buehler 1som&000
precision saw containing a circular diamond blade {ttdiameter). The process involved
low-deformation radial cutting of narrow rings (5.00 £ 0.07 mm), followed by longitudinal
cutting of the slot openings (2.300.07 mm). The slotted rings veesequentially polished
using 320 and 600 grit silicon carbide paper, and thesned ultrasonicallyn ethanol for 20
minutes to eliminate metal shavings and dust.

111 Corrosion testing

For corrosion testing, a glass vial loaded with crystalline iodine (@ + 10 mg) and
subsequently weighed while attached to a vacuum systamee freezgoumpthaw cycles
ensure that the iodine resides in an oxyfyee environment in the glass viakinally, trace
argon is introduced lbere sealing the vial.

Once the idine vial is prepared, the cleansdgs are loaded on the DLA ring holders, the
ring holder openings are recorded, the iodine vial is placed into its holder within the DLA
chamber, and the DLA chamber is closed. Using metal/tygon tubing, the DLA inghut an
output gas flow pipes are connected to a pressurized argon tank angodyespectively
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Figure 2: (a) Fully assembled dynamic loading apparatus. The enclosed sample chamber (red eashretaiins the ring holders, and an
iodine vial holder (b). In addition, three equidistant gas/thermocouple pipes (three black arrows) directed into thechasdzkto
accommodate the thermocouple rod, inlet gas flow, and outlet gas flow, redge(tiv€he pipe for inlet gas flow extends nearly
completely into the chamber to ensure turbulent gas flow. The pipe for the thermocouple rod extends midway into theithanlzese
proximity to the ring holders, where it is closed off to isolagertietal thermocouple from direct contact with the iodine environment. (d)
Fully assembled chamber without cover.
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While argon gas flows through the DLA at 200 ml thio purge air from the DLA chamber,
the furnace temperature is ramped from room temperature to 300°C in 1.5 h.hdMieg

the temperature fan additional 1.0 ithe thermocouple rod measures a chamber temperature
of 300°C after whichthe argon tank is turned off, and the ball valves located near the DLA
input and output pipes are subsequently closed to isolate aition the DLA chamber. At

this point, the idine vial is broken byranslatinga metal screw into the vial by turning a dial
on the DLA outside the furnadgigure 2a) Finally, a programmed cyclingequencas
initiated using the LabVIEW interface.

1.2 LabVIEW interface

A LabVIEW interface (Figure 3)records and enables the r&ate visualization of
temperature, pressure, load force, and strain. Four windows plot thenmreathamber
pressure (panel), load force (pandB), and measured strains from up to fetmaingauges
simultaneously.Panek C and D trackhestrains froml20Wand350W gaugesrespectively

(] DLA Main_15 Julyvi ==
c Tools Window Help
=
Auto Mode ‘ Manual Mode ‘ Pressure (psi) :
e Pressure Y ECFE
A Pressure Warning
Motion Setup 4 3 Setpoint
Start Auto ] SIS
Sequence  Set #of Cycles s ! . . ! . -
s h 183254 183255 183256 183357 183358 183350
C B 760 T
Cycle Position Settings (mm) Force (Ibs) ] »
’,‘|ru.5 ’,‘|u5 330+ Force [~/ |] 231
i i -335-|
» . ¢ 340 B Force Warning
Velocity (rpm)  Acceleration (rps/s) £ -345-] Setpoint
oas J20.00 -350-] — N
255 \ \ , , ] BIET) |
183354 183355 183356 183357 183358 183359
Time
R EEnEmyER NI-9235 (Single Circuit Gauges & ) « »
178 J— 81500 bossl [A7 00
E Pos#2 [~/ f0.00
844007
Current Position (mm) |-0.41 E Pos #3 [o00
—— — & #4300 C | Pes#t [~ Jooo
54321012345 H 3
842007
-841.00-|
840007
1833554 183255 183356 183257 183358 183250
Timi
LD [IEED NI-9236 (Rosette Gauges 5 )
Ch0 ChL Ch2 Ch3|ChO Chl Ch2 Ch3
~900.00-
e
Strain Warning Value 399,00
*[o00 J
- -898.00 D
Temperature (C) L
Logging Frequency  Hlapsed Time () | 4000~
SIECEN] S [ . | 30007 896007
2000} -895.00-"
P P— 10007 18:33:54 183355 183356 . 18:33:57 183358 183359
: ime
00-1|2%8

Figure 3: LabVIEW interface: Panel-AChamber pressure; PanelB-orce on load cell;
Panel G- 120Wstrain gauges (up to 4 gauges); and PaneBB0W strain gauges (up to 4
gauges).

The interface permits manual and automatic operation, where the manual mode permits
sporadic loading (e.g., a power ramp) and the automatic mode permits continuous cycling
(e.qg., fatigue testing). All data are recordedoendtically at a usespecified frequency.
Abnormal occurrences (e,gvhen a ring fails) are indicated when useecified thresholds

for pressure and force are exceeded. For example, the amplitude of the loading cycles
decreases dramatically when a riaglislodged from the apparatus during cycling (Figure 4).
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Figure 4: An example cycling trace (6 nuxgicle’) where a rindell from its ring holder after
approximately 200 min. The load exerted by slotted rings on the cylindrical rod is plotted
versus time. The mechanical resistance of the Huntington bellows provides a baseline load on
the cylindrical rod when cycling occurs without rings.

In Figure 4 the ring likelyfell from its holderbecausesomestrain cycling occurred during

the controlled temperature ramp, when the DLA components (Huntington bellows and
cylindrical rod) are sensitive to the periodic overshooting and undershooting of the
temperaturecontroller. Such temperaturslope fluctuatios canchange thering holder
displacementbeyond their programmed values. For example, a ring holder displacement that
becomes too narrow permithe ring to slip fromits holder. Therefore, m subsequent
experiments, the strain cycling began when #meperature reached 300°C.

Stress relaxation & slotted ring can be measured by a strain gauge (Figamd Rigure 5)

For this test, the gauge is installed on the top surface of the slotted ring, and therefore
measures compressive (negative) strairhe initial slot opening (2.3 mmips stretched to
5.3mm, andheld for 2 days at room temperatu@uring this time, the stress relaxed and the
magnitude of the compression stress therefore decreddexrelatively short duratiohow

initial stressand low temperature relaxed the stress minimalBO(rre (Figure 5)correspond

to ~3MPa). To verify that strain gauges are measuring strains accurately, waomil
outlinethe theoryof elastic deformation of the uniformidth slotted ring.
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Figure 5: Stress relaxation of a slotted ring as measured by a strain Gaegaitial slot
opening (2.3 mm) was stretched to a fixed 5.3 mm slot opening, which was held for 2 days at
room temperature. The gauge measures compressive (negative) strain because it is installed
on the top surface of the slotted ring. Points wecended every 30 minutes.

2. Elastic stress and strain in a slotted ring

Stress corrosion cracking occurs beyond a threshold stress, and most likely initiates in regions
of maximum stress. Fdhe slottedring geometry Figure §, the maximum stress occura o
the inner surface directly above the slot (i.e., point A, Figure 6). When the slot is stretched

from its initial opening§ ) to a final opening(), the analytical formula for maximum stress
vs.thehalf-angle ( , see Figure 6as [14]:

ow 0 p ANO
" ¢Y “ | p GATIO padOKI

(1)

This formula for bending stress applies when the ring is elastically loaded. The ring has a

radius (Y & uw @), thickness@ 1@ a &) and a Young-teseivechodul us
Zircaloy-4 fuel sheath) givehy [15]:

O w®o mreu’Y ¢xO (2)
At room temperature’Y ¢ wQ) , the Young’'s modulus s 96. 3

angle is approximately 11° (=0.19 rad), corresponding to ¢®& & & (initial slot opening).
As the halfangle approaches zerogiation 1 simplifies t¢16]:
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For the practical range & values, the maximum elastic stress calculated in a COMSOL
Multiphysics (version 4.4) finite element analysis model shows excellent agreement with
Eqg.1. In addition, theCOMSOL model calculates the distribution of horizontal stress in the
ring (Figure 6, and helps to determine when shape variations cause Eq. 1 to deviate from the
true stresses in the ring. Furthermore, the COMSOL model can be modified to accommodate
inevitable plastic and thermal stresses. Moreover, it can predict the surface(siraigR)

caused by increasing the total gap deflectidfidO v 0 ).

L TG A

(b)
Figure 6: Slotted ringgeometry: a) With parameters labelled; b) Acquiring a distribution of
horizontal stress, () —i.e., a colour plot from blueZ17 MPa) to green (0 MPa) to red (229
MPa)— and a corresponding deformation when the opening increase)frong@& & a to
0O T®a a. The outline of the unstressed ring is shown for reference.

Good agreemenivas achieved between predicted values stngins measured by attached
strain gaugesHigure 7) Strain Gauge #1 measured the strain on a freshly prepared slotted
ring, while Strain Gauge #2 measured a ring that previously endured repeated cycling at
random intervals overpproximately sixmonths. Since the latter condition likely induces
stress relaxation and/or fatigue, the strains measured from SG #2 were lowanitudea

than those from SG #1.

For a 1 mmY'O@crease, the COMSOL model predicts maximum strain and stress increases
by approximately 1014neand 104 MPa, respectively. Since the yield strength for non
irradiated, streseelieved Zircaloy4 cladding les within 414565 MPa (at room temperature),
depending on metallurgical conditioft&?], purely elastic deflection of rings is expected only

up to 300 MPa (appraxately 3 mm of ring deflectiorf)L7]. Beyond 300 MPa, plastic stress

will begin contributing to the overall stress. In addition, at higher temperatures (400°C), the
yield strength falls by nearly 245 MPa and the elastic stress range correspondinghs narro
[12]. Consequently, preliminary static and dynamic tests were condugtedstresses
appliedaround 300 MPa.



The 19" Pacific Basin Nuclear Conference (PBNC 2014)
Hyatt Regency Hotel, VVancouver, British Columbia, Canada, August 24-28, 2014.

0
-500 n

-1000

$-1500

£

© | [ .

& -2000¢ Strain Gauge #1

‘—Strain Gauge #2

2500~ ‘ ‘ '—Strain - COMSOL | -
-3000-
Ry 50 100 150 200 250

Time (s)

Figure7: Strain gauge readings verst®OMSOL strain predictionsvhen theslotted opening
wascontinuously cycld to 3 mmbeyond its original openin@(3 mn). The baselingauge
strainswere shiftedo zerostrain

3. Preliminary testing

A series of preliminarnstatic and dynamic loadingstswere performedn slotted ringgo
investigate the effect of temperatumeitial strain and iodineon stress relaxatioand ring
deflection. Structural performancgstrength)of the slottedrings was evaluated by measuring
the initial and final slotopeningsand by subjecting the rings teariousmassloads (15, 45,
and 95 g)after which the correspondinglot deflections were measuredThe deflection
testing apparatus and procedure are outlined by Quesaél [9], and thepreliminary test
resultsareshownin Table 1.

In the first test, slotted rings experienced a static stiain ¢& & &) for three days. Two
rings were strained at room temperature and two rings were strained at 3B0QYe. stress
relaxation is enhanced at higher temperatuhesslot openingsxpectedlyrelaxed a bit more
at the higher temperatu(@.23 + 0.06mm vs.0.13+ 0.03mm), whereas the deflections were
basicallyequivalent0.85 £ 0.02mmyvs. 0.83+ 0.03mmfor a 95 g mastad).

The next threalay test involved daily cycling of four slotted rings at 300°C. Two nngse
initially strainedata 4.5 mm slot opening, and two ringere initially strained at a 6.5 mm

slot opening. The cyclingtep involved increasing the slot displacement of all rings by 1 mm
once every 24. This involved &-minute risetime (up to5.5and7.5 mmj, a onehour hold

and a 3minute falltime (back to 4.2nd6.5 mm). Again, the deflection measurements yield
no discernable differences among the four rifgable 1), but the slot openings relaxed
considerably more at higher initial straifis3+ 0.1 mm vs0.3+ 0.1 mm). The former result
suggests that structural integrity is preserved evem a 6.5 mm diglacement (~408/1Pa
maximum stress), andhe latterresultis expected because stress relaxation is enhanced at
higher initial strains.

1C
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Tablel: Averagedeflection andrelaxation in slot size values are shown for each test condition. Uncertainty values represent one standard

deviation. The deflection measurement represerd the increase inslot sizedue toa given mas$oad, which is measureat room
temperatureandafter the thermanechanical stress regimencomplete. The relaxation in slot size value is the difference between the
unloadedslot openingsneasuredefore and after the cycling test&quation 1 was used to calculate the maximum stress at Point A

(Figure 6a)n the ring §,) at room temperature and at 300°C wh e r e

Young’s modul us i s a
Deflection Measurements (mm) Relaxation Saat Saat
Test Conditions in Slot 23°C 300°C
159 459 949 Size (mm) | (MPa) (MPa)
Static measurements
Room temperature4.5 mm wedge 0.133+0.008 | 0.403+0.001| 0.85+0.02 | 0.13+0.03 213 173
300°C-4.5 mm 0.122 = 0.005 0.40 £0.03 0.83+£0.03 | 0.23£0.06 213 173
Daily cycling
300°C-4.5mm (1 h at 5.5 mm daily) 0.159+0.008 | 0.442 +0.001| 0.89 +0.02 +0.1 213 (310 173(251)
300°C-6.5mm (1 h at 7.5 mm daily) 0.15+0.02 0.435+0.001| 0.89+0.03 1.3+0.1 406 (503 329 (408)
Continuous cycling
300°C- 6 min-cyclé’ (4.0to 5.0 mm) | 0.12 +0.01 0.39+0.01 | 0.80+0.02 | 0.22+0.08| (164t0 261) | (133to 212)
300°C- 6 s-cyclé' (3.4 to 5.4 mm) 0.117 £ 0.007 | 0.377 +0.009| 0.78+0.01 | 0.19+0.02 | (106t0300) | (86to 243)
Continuous cycling with iodine
300°C-6s-cycle' (3.4t05.4mm) | 0.114+0.009 | 0.36+0.02 | 0.78+0.02 | 0.36+0.08] (10610300 | (8610 243)

11
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At 300°C, the 4.5 mnmto 5.5 mmdaily cycling test yielded larger rindeflections and slot
openingscompared to those from the 4.5 mm static. tégthough tedaily one-hour hold at
5.5 mm { o p Bt Pappeared to marginally increase slot sidarger sample size is
required for confirmation

Continuous cycling wasompletedin three testswhere each test strained three rings over
three days. Test linvolved oscillating the displacement about 4.5 mm (from 4 to 5 mm)
using a éminute strain cycle.Compared to the static 4.5 mm test at 300°C, little difference
was observed. Clearly, larger dynamic strains would be required to gialaticeable
difference. Test 2involved a biggerange of slot displacemen{8.5 - 5.5 mm) and faster
cycling rate (6 s strain cycle)The differences in cycling rate and strain were insufficient to
change the deflection measurements significantly. Tespl&atesTest 2 but the rings are
exposed to 900 mg of iodine vapourThe iodine test produdeessentially equivalent
deflection measurementbecause the iodine concentration per unit area of metal was low,
and because iodine was permitted to settle outside thmbzr. Consequentlyhd next
design iteration wilbe modified toincorporatevalves closer to the chamber.

Clearly, the sample sizaés these preliminary testsill need to be increased to dratronger
conclusions. However, it appears that the se&escorresponding to a 4% mm slot
displacement are low enough that dynamic cycling bears little efféerefore, we will
continueexperimentatiorover larger strain cyclesigher initial strainsand longer cycling
times

4. Summary and future work

A dynamic loading apparatus has beesigned to exert static and dynamic strains on slotted
Zircaloy-4 rings in hot and corrosive environm&n#s load cell measurements were found to

be sensitive to temperature ramping, strain cycling was completgd ainthe test
temperature. Strain gauges measured accurate strains, which are in good agreement with
COMSOL modelling and the elastic strain formula for slotted rings (Eq.Stjain cycles

were executed safely in both corrosive and-oomosive enviraments. For low initial

strains, peliminary results from deflection testing suggest that deflection resistance and stress
relaxation are uncorrelatedeflection measuremenétthe45 gmassload (0.40+ 0.04 mm)
aresomewhat lower than thoseportedby Quastekt al. (0.46 £ 0.02 mm]9], most likely
because Quastet al. usedhigherstresses

More testing is underway inprove the statistics and tmllect data at higher initial strains

In addition, straingauge readings will be collected at high temperajuaes efforts are
underway tocharacterie plastic and thermal strains. TIBEA will be used to investigate
ongoing SCC mitigation strategies at the Royal Military College of Canada including the
charaterization of alternative fuel sheath coatings, the doping of coatings with alkaline
additives (such as NQ) for scavenging iodine species, and implementing oxidizegds@
potential remedy for repairing oxide cracks in the fuel sheath.
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