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Bo.Cheng, et al., “‘Mechanistic Studies of Zircaloy Nodular
Corrosion’, Zirconium in the Nuclear Industry, Seventh
International Symposium, ASTM STP 939, 1985.

FIG. 18—Schematic showing the steps leading to the nucleation of nodular oxide on Zircaloy.
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Y.Hayashi, et al., ‘Irradiation Characteristics of BWR STEP II Lead Use Assemblies’,

Proceedings of the 1997 International Topical meeting on LWR Fuel Performance, Portland,
Oregon, March 2-6, 1997.
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S.Shimada, et al., ‘BWR Zircaloy cladding corrosion behavior — effect of microstructure’, Journal of Nuclear
materials 248 (1997)275-280.
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K.Ogata, et al., “‘Progress in the Research Program to Elucidate Axial Cracking Fuel Failure at High Burnup’, Proceedings of the 2007 International
LWR Fuel Meeting, San Francisco, California, September 30—Octorber 3, 2007 Paper 1024.
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B.Cheng, et al., Proc. of the International Topical Meeting on Light Water
M.Aomi, et al., Proc. of water chemisty of nuclear reactor systems 7, (1996). Reactor Fuel Performance, (2000).
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NWC HWC HWC+Zn
ADDITIONAL SPECIES — == Zn: 25 ppb
DO (intetof the loop } | —~1000 ppb ~0 ppb
DH (inletotthe loop ) |  ~40 ppb ~400 ppb
pH 6.5-7.5
CONDUCTIVITY 0.2 -0.3 £S/cm
TEMP. 280 - 292 C
PRESSURE 70 - 74X10° Pa
VELOCITY ~2 m/s
VOID FRACTION 40 -50%
FLUX (Ex1MeV) 4 -55X10'3 n/cn¥s
TEST PERIOD ~120 days

HWC+Zn

M.Aomi, et al., Proc. of water chemistry of nuclear reactor systems 7, (1996).
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Fig. 3. SEM analysis of lower elevation sample HA3: (a) Zry.
Zr0O, and Crud layer m Back Scattered Electron (BSE) mode, (b)

- - | - . qualitative Zr-La signal mntensity distribution, (c) distribution of Fe-
EIE‘I“? E GE Clﬂddﬂl? ':: CITOE10m PE['fDl'.IIIﬁ.'L'I.L'E‘ Ko intensity, (d. e and f) distribution of Zn-Ka , Ni-Ka and 0-Ka
mtensity, respectively.
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A.V. Orlov, et al., Proc. of the 2009 Water Reactor Fuel
Performance Meeting, (2009).
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H.A.Levin, et al., 1998 JAIF international conference on water chemistry in Nuclear Power Plants, (1996).
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Y.Ishii, et al., ‘“The Effect
of TiO2 on Corrosion
Behavior of Zircaloy-2
Fuel Cladding’,
Proceedings of the 2005
Water Reactor Fuel
Performance Meeting,
Paper Number 1100.

corrosion test

Table 3 Irradiation condition of the INCA

Temperature (K) 561
Pressure (MPa) 9

Water Flow Rate (I/h) 50
Inlet Conductivity (uS/cm) <0.1
Inlet Impurities (ppb)

S <5
Cl <5
Fast Neutron Flux (n/m?%/s) 2.5x10"®
Thermal Neutron Flux (n/m?%/s) 2.5x10"®

e )
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Fig. 1. Number of Failed Fuel Assemblies in All US LWR. g
B.Cheng, et al., Proc. of Top Fuel 2009, - E&?ﬁﬂﬂﬁ
Paper2149

Marlowe, et al., “Nuclear Fuel Cladding Localized

- = Corrosion’, Proceedings of International Topical Meeting
@ W BWR-C (iCILCE& *ﬁ (j:t; L/ on LWR Fuel Performance, Orland, FL, USA, April 21—

24,1985.
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T Failed rod

-5y

71-84wt%Fe. 7-14wt%Zn. 2-8wt%Cu.
2-6Wt%Si.

hematite, zinc ferrite, zinc silicate,
copper oxide (CuO), and zincite (ZnO).

B.Cheng, et al., Proc. of Top Fuel 2009, Paper2149
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TA Keys, et al., Proc. of the 2004 International Meeting on LWR Fuel Performance, B.Cheng, et al., Proc. of Top Fuel 2009, Paper2149
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B.Cheng, et al., Proc. of Top Fuel 2009, Paper2149
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Summary of fuel surveillances, key findings and limits
recommended to protecting fuel under Zn injection

NMCA+HWCIZBEd B4R

Summary of fuel surveillances. key findings and limits
recommended to protecting fuel under NMCA + HWC

Fuel Surveillances

Key Findings

Limuits to Protect
Fuel

Fuel Surveillances

Key Findings

Limits to Protect
Fuel

Crud scraping.
liftoff evaluation
from >10 BWRs,
some after NMCA

Hot cell PIE of fuel
rods and crud
deposits/flakes
from >3 plants

General
observation of
tenacious crud of
zine ferrite and
some zing silicate

Surface spallation
with tenacious crud
>~30-50 pum

May damage fuel
in presence of high
FW Fe and Cu

FW =04 ppb cycle
avg. and =0.5 ppb
quarterly avg.:
lower limit if FW
Cu=0.1 ppb

FW Fe<2-3 ppb:
with <1 ppb as
target

BRI YRTE
BRIERIRDF| BN
-#aKFe,CURE S ~MHA~D AR
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Poolside and hot
cell PIE for 3
cycles at Duane
Arnold

2 poolside/crud
evaluations at
Peach Bottom-2

Hot cell PIE of
high BU rods from
Limerick

Poolside data from
many other plants

High NM loading
on fuel may
increase cladding
corrosion

No effect on Zr
hydriding

May cause crud re-
distribution

(Pt+Rh)<30 pg/cm”
loading per active
fuel surface per
fuel life

Limiting FW Zn
and Fe as below

May form thick.
tenacious crud with
spallation if FW
Zn>0.4 ppb

NMCA/fuel vendor
recommendation
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