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Phase 1

e o e - -

Includes preliminary analyses
performed by the design and

development team, based on

existing data and reasonable

assumptions, and preliminary
economic assessment.

I I
Feasibility Assessment: Fabrication, ability to
meet requirements under each operating regime

Initial Expert
Panel Review

-
Ranked List of Decision to proceed based on funding
ATF Options availability and expectations for resolution

of noted issues (see screening table).

l

Preliminary Performance & Safety Assessment
Evaluate neutronics, thermal-hydraulics; scoping analysis
for bounding transients / accidents

Does it meet neutronic
performance needs? ‘
Core thermal hydraulics?

Fundamental Scopin
Benchtop scoping tests for viability,
preliminary irradiation testing

Does it meet
minimum
requirements?

e e e e e e T

should allow for

Culmination of Phase 1 [m= == == == == == =

preliminary estimates

to be made on effort
(time, budget) required

to advance concept.

Expert Panel Review —
Yes Decision to Proceed Yes

Development &
Qualification

Ag NS

7 MEKTRL base)

~TRL 4-6

Measure Detailed Materials nom ical R
* Fission product release
* Thermal (T,,, k, C;...)
* Mechanical Interactions (PCML: CTE, o, &, E...)
= Chemical compatibility (PCCI, coolant interactions)

Thermal, Mechanical, Chemical

Behavioral models
will be comprised of
validated models,
validated data and
assumptions

Measure additional data
necessary to develop
adequate models. No

Are the proposed
behavioral models
adequate?

Fuel performance, accident progression

Analysis will include Severe

Accidents, DBA (LOCA,RIA),

AOO and Normal Operation
T

Assess advanced

Economic analysis and fabrication N
fuel design

studies (performed in parallel)

Enhanced Accident Tolerance
Perform additional detailed
calculations as necessary

Phase 2 activities inform fuel qualification
for | commercial ir i

Implementation
LTRs, LTAs, fuel qualification and
commercial implementation

Phase 3

Commercialization

~TRL 7-9

Fabrication/Manufacturability
Associated Performance Attributes
a. Manageable fissile material content
b. Compatible with large-scale production needs (material availability, fabrication techniques, waste, etc.)
¢. Compatible with quality and uniformity standards
d. Ease of licensing
Considerations
Millions feet of clad/year
Approximately 300 million pellets/year
Economics: cost of raw materials and fabrication process, maximum cycle length, waste disposal
Current fabrication plant enrichment limits

Normal Operation and AOOs
Associated Performance Attributes
a. Utilization or burnup (12-, 18-, or 24-month cycle)
b. Thermal-hydraulic interaction
¢. Reactivity control systems interaction
d. Mechanical strength, ductility (BOL and after irradiation)
e. Thermal behavior (conductivity, specific heat, melting)
f. Chem compatibility (fuel cladding) and stability
g. Chemical compatibility with and impact on coolant chemistry
h. Fission product behavior
Considerations
Overall neutronics
Linear heat generation rate to centerline melt
Power ramp, ~100 W/m * min~!
Reduced flow [departure from nucleate boiling (DNB)]
Flow-induced vibrations
Surface roughness effects
Safe shutdown: earthquake
External pressure (~2750 psi, 10% above PWR design pressure)
Axial growth (less than upper nozzle gap)

Postulated Accidents (Design Basis)
Associated Performance Attributes
a. Thermal-hydraulic interaction
b. Reactivity control systems interaction
¢. Mechanical strength, ductility
d. Thermal behavior (conductivity, specific heat, melting)
e. Chemical compatibility and stability (e.g., oxidation behavior)
f. Fission product behavior
g. Combustible gas production
Considerations
Prompt reactivity insertion
Post-DNB behavior (7 >800°C for Zr-UO, system)
Loss-of-coolant conditions
Thermal shock behavior
Steam reactions (—~1000°C +)
Severe Accidents (Beyond Design Basis)
Associated Performance Attributes
a. Mechanical strength, ductility
b. Thermal behavior (conductivity, specific heat, melting)
¢. Chemical P y and stability (including |
d. Fission product behavior
e. Combustible gas production

steam interaction)

Considerations
Thermal shock behavior
Chemical reactions
Combustible gas release
Fission product release
Long-term stability in degraded state
Retention of coolable geometry

Used Fuel Storage, Transportation, and Disposition
Associated Performance Attributes
a. Mechanical strength, ductility
b. Thermal behavior
¢. Chemical stability
d. Fission product behavior
Considerations
Handling, placement, and drying loads
Future reprocessing potential

hergy
te
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% Coated (Cr, Cr-alloy, AMOR) Zr cladding (PWR)

» Framatome, Westinghouse, GE-GNF, Rosatom, CN, KO
< HESIIHEHEE S) UO,: Framatome, Westinghouse, CN, KO
% Fe-base cladding (BWR) : GE-GNF, Rosatom, JP, CN, KO

7/ ~ Korea Atomic Energy
KAERI Research Institute
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% Coated Zr cladding, inner coating : Framatome, CEA, Mitsubish, CN, KO

% SiC cladding, channel box : Framatome, CEA, General Atomics, ORNL, INL, Hitachi, CN, KO
% Fe-base cladding, FeCrAl-ODS : GE/GNF, JAEA, Hitachi, Toshiba, CN, KO

% Fuel pellet with improved thermal conductivity : Framatome, Westinghouse, INL, CN, KO
% High U density pellet : Westinghsoue, LANL, INL, KTH, USTA, Rensselaer, CN, KO

% Accident Tolerant Control Rod : CRIEPI, Framatome, Westinghouse, Rosatome, CN, KO

¢
ADOPT™ Pellets Uranium Nitride
(UN) Pellets

MSSNE AL 3

*

*

*

~ <Cr-variant pellet with
high thermal conductivity,
Framatome>

Amorphous
HSn-HO-Zirc-4
n irc- Cr,C)

<U,Si, pellet, LANL>

. : CrNCr-doped UN pellet, = 3
3-,“@50}{'!?;‘:["-?- <SIGA'™SiC comp05|te, GA> KTH/RensseIaer> ((—Z <- Korea Atomic Energy

AERI  Research Institute
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<Cladding inner coating, CEA>

high thermal conductivity,
Westinghouse>
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Nuclear Energy

gssnanmz
Fuels with enhanced accident tolerance are those that, in comparison with the standard 5! X220 244 ‘.’_*EE* FTAFDA g”“ t_IHE =W 2017.11
UO,- Zr system, can tolerate loss of active cooling in the core for a considerably longer
time period (depending on the LWR system and accident scenario) while maintaining or O (BA) A= J7AL 29 FEshs § 4%g MAstS Ak A4

improving the fuel performance during normal operations.

AL Hof SA AGAA SEEY FE
[ A 2Agg dds A5 F4 1]
Improved Cladding Properties
Resilience to clad fracture

& J|MALE AL BEA
+ Robust geometric stability 15 AL ds 24
+ Thermal shock resistance

Improved Reaction Kinetics with Steam
« Decreased heat of oxidation

« Lower oxidation rate

« Reduced hydrogen production

(or other combustible gases) Enhanced «+ Higher cladding melt temperature @ Sl = IE—T'—l' ﬂg(cr} [E @ (%; 5) %E| H I-l'l:l'l"g 2 HH % 7|‘
+ Reduced hydrogen + Minimized fuel - cladding = = = - A=A AHAY) 2= A HEAISE 900 ZHA
embrittlement of cladding Tolerance to Loss interactions ) sHolz H H:rl = 7|‘|'H C‘ (T ) =
. = = T T 4= L (=) dR=3 or L3t - o
Improved Fuel Properties of Active Core Enhanced Retention @ = H =) 18% } = (1,100°C—900°C)

« Lower fuel operating Cooli ng of Fission Products
temperatures + Gaseous fission products

+ Minimized cladding internal oxidation « Solid/liquid fission products

+ Minimized fuel relocation/dispersion

« Higher fuel melt temperature

0 (A3 9AE AT LI IAHAZ e} FYsty A7 & AL F-190]H,
25 Jg3lE EXE st e

AREVA Cr coated M5
Westinghouse Cr coated ZIRLO
General Electric APMT(FeCrAl), amor coating
KAERI(with KHNP and KNF) Cr, CrAl, FeCrAl/Cr coating and ODS treatment on Zr tube

)
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Performance . .
Commercial Zr alloy cladding
parameters :
1 o & CRUD
Manufacturability « Optimized & deposition
Corrosion |- No problem (Oxide Thickness <100mm) P E]?;rﬁg?)maddmg Z'Eéﬁﬁiﬁi’fm) 8rHa%k(i[r?ge)layed PHAEgED
Creep * No problem (Hoop Strain<1%)
el Irradiation | No problem (Shoulder gap closure) ; ==
e growth 2 P
condition :
Wear o .
. * No problem (Wear damage < 10% in thickness)
resistance
. 2 4
PCMI/PCI P;MI/PCI fa.|Iure relatgd to the hydride (hydrogen
pick-up during corrosion)
. Severe oxidation and hydrogen generation.~"
LOCA - Ballooning & Burst _
DBA - Limitation (PCT<1204°C, ECR<17%) -
RIA - PCMI failure related to the hydride s gt s OQOO
) o : L | [Eses ’
BDBA Seve.re oxidation and hydrogen generation Q;ee 8322209
« Melting problem il clagang astomatn/ ¥ 0 7] 0F: ragmentaton
* Brittle behavior by hydride — RP——
Spent fuel Failure |- Hydride re-orientation problem
storage | mechanism | (Fuel-clad interface temp.; drying: <570°C,
storage: <400°C) (Clad hoop stress; <90MPa)
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<« Issues to be addressed

= Oxidation resistance
= Thermal conductivity

= Thermal expansion coefficient
Surface Modified

Phase stability up to high temperature

Zr Cladding

Adhesion to the matrix

Neutron economy

Irradiation susceptibility

Tube fabricability
Zr alloys Surface

modification Unknowns

)

s g ol o1 ; ' Korea Atomic Energy
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ﬂ i%'g' _+_IH x_-ll-gg 7D-IE ASTM STP 1543, 2014 / available online at www.astm.org

Thermal Thermal
Phase Expansion Thermal Neutron
Transformation Melting Coefficient Conductivity, Absorption,
Materials Temperature, °C Point, °C (<107 K) W/mK Barns
Y203 None 2690 8.1 1.0 1.28(Y)
0.0002(0)
SiO, Depends on 1600 12.3 1.3 0.177(Si)
pressure
0.0002(0)
ZrO; M(970)/T(1205)/ 2130 10.1 1.8-3.0 0.182(Zr)
cubic
0.0002(0)
Crz03 None 2400 90 - 3.05(Cn)
0.0002(0)
CrsC, None 1895 10.3 13 3.05(Cr)
0.0035(C)
SiC (CVD) None 2545 <5 330 0.177(Si)
0.0035(C)
ZrN None 1960 7.24 10 0.185(Zr)
1.9(N)
ZrC None 3540 7.01 12 0.185(Zr)
0.0035(Cn)
Cr None 1907 4.9 93.9 3.05(Cr)
Si None 1414 2.6 149 0.177(Si)
Zr HCP(863)/BCC 1850 7.2 22 0.185(Zr) SRR

ERI Research Institute
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Plasma spray: Cr coating

Cr-Plasma Spray Coating Surface Polishing after Coating Cross-sectional observation

)

3500 710,
~_ 3000 0 Zry-4 cladding(Ref) <«— 0-21(0)
_g O  Cr-coated cladding by PS b - a
~~ 3 E
2\ .- €— 0-71(0)
< 2000 - S 75O,
'©
O 1500
< { €—— Cr-coated layer
D 1000 -
9 " €— -21(0)
= 0 <€—— Prior B-Zr
0 , : : : |
500 1000 1500 Ik €—— o-Zr(0)
Time, s <«

2/ :
(' =~ Korea Atomic Energy
KAERI Research Institute
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Bl Cold spray: Cr, FeCrAl coating

-

.Zl'ialioy
5

Fig. 1. OM images of a cross-sectioned FeCrAl-coated plate sample (a) before and (b) after cold rolling, and a cross-sectioned Cr-coated plate sample (c) before and (d) after cold Fig. 5. Photo : . :
3 > 7 : 5 . graphs of the ballooned regions and burst openings of Zr cladding
1 gt M f a FeCrAl-cy 1 Il fi fi 5 : A 5 & A i
rolling. Plane view SEM images of a FeCrAl-coated plate sample (e) before and (f) after cold rolling, and a Cr-coated plate sample (g) before and (h) after cold rolling. specimens (a) with and (b) without Cr coating after integral LOCA and mechanical
testing. (c, e) Optical microscopy images of cross sections at the burst mid-planes of a
Cr-coated and uncoated Zr cladding tube, respectively. (d, f) Optical microscopy images K A icE
s 2 ; v
3 fo] 5. o of the cross-sections 180° from the burst opening of a Cr-coated and uncoated zr - Korea Atomic Energy
—I’ﬁE I'Lllg:l'l"l' cladding tube, respectively. Research Institute

14



3 KAERIS| ATF I 22 7§ &g

Arc ion plating(AIP): Cr coating

(a)

Surface & Coatings Technology 280 (2015) 256-259

2500
- m Zircaloy-4
g 2000 © Crcoated Zircaloy-4
w
£
£ 1500
]
&

(b) S 1000

@
=

500 +

0 .
0 500

2000s.

Fig. 2. (a) Cross-sectional SEM image showing a dense and adherent Cr layer on Zircaloy-4
cladding. (b) SEM surface micrograph of the Cr coated Zircaloy-4.

Accident Tolerant Fuel
Development: Promise,
Status, and Challenges

Presented at

Fuel Reliability Program Winter Technical Advisory Committee
Meeting

7" EPRI/INL/DOE Joint Workshop On Accident Tolerant Fuel

Kurt Terrani
Oak Ridge National laboratory

Conterts bsts avallable at ScienceDirect

Advanced Fuels Campaign Journal of Nuclear Materials

J

Tournal homepage: www slsavinr com/lacata/inucmat

terranika@ornl.gov

Feb 22,2018 Accident n:'lemm fuel cladding development: Promise, status, and
challenges
aH GI OI-I Kurt A, Tertani
] J ok e o e, ok g, T T, v S
o I--E =

1000

Time, s

k , parabolic oxidation rate constant [glem®s"?)

1500 2000

Fig. 3. Corrosion behaviors of the pristine and Cr-coated Zircaloy-4 in 1473 K steam for

Zircaloy-4
7r0O,

Fig. 4. Reflected light optical micrographs of the oxides formed on the (a) Zircaloy-4 and
(b) Cr-coated Zircaloy-4 in 1473 K steam for 2000 s.

The Basis Of Accident Tolerant Fuel Cladding
Technologies Are Materials That Form Protective

Oxide

s In High Temperature Steam

Temperature [°C]
1600 1500 1400 1300 1200 1100 1000 Cr.coated E»mﬁ‘ >
304SS - Brassfield et al Zr-based
£e0, 4 cladding  zetuse

2Zr-4 - Pawel-Cathcart
zro, 84 kJimol

APMT (FeCrAl) - Pint et al.

FeCrAl
cladding _ h

172 kJ/mol

118 kJimol 4

SiC - Terrani et al 1700°C 4

0% sic/sic
; h

; : ! : . cladding

0.55 0.60 065 0.70 075 0.80
1000/T K]

% OAK RIDGE
B.A. Pint, KA. Terrani, Y. Yamamoto, L L. Snead. “Material Selection for Accident National Laboratory
Tolerant Fuel Cladding.” Metall. Mater. Trans. E. 2(3) (2015) 190-196

ymic Energy
Institute
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3D printing: Cr coating Journal of Nuclear Materials 465 (2015) 531- 539

~ 700
i Ring Tensile Test
® & 600+
.
s = 5004 Gr-coated Zry-4
o ~
. '] ~ -
. o 4004
£ Zry-4(Ref)
. - <
- ©» 300+ PR i
4 o
3 8§ 2004
e T
100 4
»
i 0 T v y v T
- 0 [ 10 15 20 25 3
in.
@ Hoop strain, %
(@)
------------- 528 s ¥
\)‘ a Ring Compression Test
W — s =
= 404 Cr-coated Zry-4
] \
2] o a g N
2 S 0
z - %
5 260 ]
] ) . o Zry-4(Ref)
8 = > ~
B 2140 3 ® 20 S
g © ]
2 ] N on e
20 Z < L E— E o
Y E
200
. , -
Relative Position o 1 2 3 4 5 6
Compressive strain, mm
(b)
(b)
Fig. 4. Adiagram of the 3D laser coating process supplying the Cr powder and the surface appearance of the sample (a), and cross-sectional analysis and micro-hardness variations Fig 5. Ring tensile test results and of the Cr-coated Ziscaloy-4 cladding tube (a). ring compressian test results, and appearance of the Cr-coated Zircaloy-4 cladding tube
of the Cr-coated Zircaloy-4 cladding tube (bl

~ Upper side in furnace

Cr-coated Zry-4 tube Zry-4(Ref) tube : e
Cr-coated —3 =5 —l L 1 Zro, Heating rate: 14°C/s

layer i 2423 J :

CALT , o a-2r(0) :

T R : & 4 <— Prior B-Zr .

G | EA "

13 T ¥ A 4 i
‘ Hoop stress: 35.25MPa
I g \ [ | i
Y AN A Msh s Ao b il Al
[ TR [T J
L

3 e O 5 Vo £

Cr-coated
region

L o
Rupture temp. q"‘» q’q qg,‘\'r" ‘;\"bc

Fig. 7. Cross-sectional SEM observation of the Cr-coated Zircaloy-4 cladding tube using 3D laser coating and the reference Zircaloy-4 cladding tube after the high-tel Fig 9. Profile of heating rate and internal pressure during the LOCA simulation test, and the surface appearance of the tested tube samples of non-coated Zircaloy-4 and partially Cr-

oxidation test at 1200 °C for 2000 s in a steam environment. coated Zircaloy-4 cladding tubes.

HOIFOFHRI T S

Korea Atomic Energy
Research Institute
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B} 3D printing: ODS 7|= Additive Manufacturing 22 (2018) 75-85

700
Room Temperature
I 600 o
o
= 500
=
& 400+
5
& 300
o ——120W power-/
Q 200 —— 100W power +/|
(<] —— 80W power «
= — —— RefZry-4 o
0 T T T T T
0 5 10 15 20 25 30
" un-treated surface Hoop Strain, %
reated surface
Fig. 1. of ODS using laser technol on 400

Zircaloy-4 cladding tube surface.

w

o

k=3
1

—— 120W power.”]
——100W power |
—— BOW power «
—— RefZry-4 ~

Hoop Stress, (MPa)
- -l nN N (%3
o o =3 3y o
(=] o o o (=]
0.2, 2.2, %

9
=]
1

! 1

20 40 60 80 100
Hoop Strain, %

Fig. 8. Engineering stress-strain curves and fractured images of the laser-processed Zircaloy-4 and reference Zircaloy-4 samples.

=3

o

Surface ODS-treated Zircaloy-4 Reference Zircaloy-4

Fig. 6. High-magnification observations by in-situ TEM of Y,0, particles incorporated in the Zircaloy4 cladding matrix from RT to 1000°C. (SOpm)

. 3
ﬁv‘-ﬂﬂ,'ﬂ'

Hoop stress: 60 MPa Hoop stress: 60 MPa
Fig. 5. High-magnification observations and structure analysis of Y203 particles incorporated in the Zircaloy-4 cladding matrix. Burst temp': 829°C Burst temp': 743°C
Burst strain: 7% Burst strain: 48%
Fig. 9. Appearances of ballooning and ruptured samples of the surface ODS-treated Zircaloy-4 and reference Zircaloy-4 cladding tubes after the LOCA simulation test.
v
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LH ﬂ'ﬁl' _+_IHZ CrAl "E.*E.‘ ASTM STP 1622, 2021 / available online at www.astm.org

FIG.1 Corrosion behavior of CrAl binary alloy and Zircaloy-4 tested in PWR simulated FIG. 4 High-temperature oxidation behavior of Cr-10Al binary alloy: (A) weight change
loop at 360°C: (A) weight change as a function of test time, (B8) weight gain after as a function of test time at 900 to 1,400°C, (B) additional Cr-10Al alloy test
660-day test. result in Arrhenius plot of the parabolic weight gain rate constants.®

200 - 200 G C00C a8 C (o FC e
Cr-sal Tested at 360°C PWR loop | 150 ] B C-5A1 | [Tested for 650 day 40 10°
I Cr-10A1 at 360°C PWR loo Cr-10Al alloy

N —e—Cr-10Al —> “ P Zirconium Alloys

= —A—Cr-15A1 £ 160 e it 10° 4 [ — Bokerust

5 1504 e cr20Al S porLs 1400°C Ry B oo PO

e —a— Cr-25A1 S 140 4 o 304 <‘.4‘ 304: FeO, == Ubanio Hodeek

“
£ | ——craon £ 120 J|ERC | 2 £, 105 = ol
- »— Zircaloy-4 .(y’ i Il Zircaloy-4 A 5 APMT: Al203 o | —ouwex[§ 4
€ 100 e T R A < S — c < E - 129
© 4 ‘© 3 20 o 1300°C 2 10°4 310: Cr,0, | e 18>
4 ]

0] V] P 2 \-\ Iron All

- = ED_, £ perrrv 200 X [ v

%} oY %) - < 2 A asahd o 104_ sc so, —— 30435 - Brassfiold ot al.

=" 50 . = o 104 A wvTT L aasaasrttB100°C @ 310SS. Pint ot al.

o ¥ |444444’:F:.£:1 @ © "3 T st taeee $vigoc =gt = —_—
= ;oo wnm = % T aaeAT PPN LL 308 ]
i 2 ﬂ:gHH ; 4 19 e CrAIallwl \.\*
A : 0 1
04 ! i i 0 1000 2000 3000 4000 5000 6000 7000 8000 55 0 65 70 75 80  8s
0 100 200 300 400 500 600 700 ]
Exposure Time, day Cr-Al alloy Exposure Time, s 1000/T [K"]
(A) (B) (A) (B)
FIG. 2 High-temperature oxidation behavior of pure Cr, CrAl binary alloy, FeCrAl alloy,

FIG.10 Appearance of the Zircaloy-4 cladding and Cr-12Al-coated cladding tube after

and Zircaloy-4 tested at 1,200°C steam conditions: (A) weight change as a ) o .
one-cycle irradiation test in the Halden reactor.

function of test time, (B8) weight gain after 7,200-s test.

3 5 4 5 6
i Z0 s
oo [ munnls — ] mlnnhmllmlmllnuluullmhm,lm|u||ln“||
—o—Cr5Al | in steam condition ;|
~ —2&— Cr10Al ~ T T T . -
£ 8000 4 |[—v—crisal Zircaloy-4 £ el
T —— cra0al T 1000
Qo —>— Cr2sAl a0
% 5000 4 |—o— cr3oal E\
C —0— FeCrAl c -~
£ £ ) Ref. pos. 4
8 2000 | —O0— Zircaloy4 S 100 ¥ ' 7 . ) p e
z b= - 2 al 7.4 5 6 =7
® » | , tnl 8
$ o] £ ) WI,,”“,“[”“,“M uu'unluu[nmluullLuln.mluu.luulmnl_
Others : coated Zircaloy-4
0 i
0 1000 2000 3000 4000 5000 6000 7000 8000
R T ST ST »
Exposure Time, s R ‘e& o
Alloy KAERI pos. 4
(A) (B) )
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B} LiAtSE A% AIP 2 E!: Cr, CrAl EFZI Hl= S AIP 2™ 153}

Cr, CrAl
E}2
H=7|=
NE
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AIP+3D printing: CI’A', FeCrAl _—T'l_%l/ODS Journal of Nuclear Materials 510 (2018) 93-99

CrAl/Zry-4 FeCrAl/Cr/ODS/Zry-4 As welded As polished

CrAl target
Zry-4 tube

’{iicorroded for 120 day

FeCrAl: 76 ym
Cr barrier: 10 um
ODS: 100 ym

Fig. 2. Manufacturing example of surface modification technology using arc ion plating and 3D laser process.

Fig. 4. Microstructure and corrosion behavior at the weld zone of CrAl-coated Zry-4 cladding.

=3
=3

CrAl coated sample by arc ion plating FeCrAl/Cr coated sample by 3D laser coating it
E . - > lE: N |
(=2} (=]
E_ 60 i E_ 604 Uncoated sample I ZF'L4 ‘""\‘
% % 1.20% T
o 0 Coated samples [¢] 4o | | i
= £ ] = oated samples 1 * Crad/Zry-4
2 20
2 2 o 090% r
i : e 2006 r s | -
o o
30 60 9 120 150 180 210 J240 270 Oo 30 60 90 120 150 189/ 210 & .. 5
Exposure Time, day Exposure Time, day 2 060% —* 3
[+ i &
o o T (=]
3
E— A
0.30% =
= m o
- AN E CrAIflT)DS/Zry—:l
0.00% M 1
0 200 400 600 800 1000

Creep Time, h

Fig. 5. Creep behavior of surface-modified Zry-4 cladding at 380°C for 1000h in air.
Fig. 3. Corrosion behavior and cross-sectional observation of surface-modified Zry-4 cladding in PWR simulation loop condition at 360 °C.
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Fig. 6. Wear properties of CrAl-coated Zry—4 and uncoated Zry-4 claddings at room temperature in water.

CrAl coated Zry-4 cladding by arc ion plating

P

CrAl layer

Un oxidized Zry-4
(prior )

High temperature test;

- oxidized at 1200°C for 3000 s in steam

- water quenched at 800°C

a-Zr(0)

200pm

El

o/ODS Journal of Nuclear Materials 510 (2018) 93-99

Uncoated
Zry-4

L N T B
Rupture temperature : 760°C

Circumferential strain : 47.5%

CrAl coated
Zry-4

Rupture temperature : 861°C
Circumferential strain : 14.0%

ODS treated _
Zry-4

Rupture temperature : 829°C
Circumferential strain : 7.6%

CrAl coated/
ODS treated
Zry-4

Rupture temperature : 950°C
Circumferential strain : 7.3%

200pm

Fig. 8. Cladding behavior after LOCA simulation test of surface-modified Zry-4 cladding and uncoated Zry-4 cladding.

Fig. 7. High temperature oxidation and water quenching behavior of CrAl-coated Zry4 cladding and uncoated Zry-4 cladding.
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Assessment of the KAERI rods irradiated in IFA-790
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i = 6 = 5 Figure 1 - Pow he Jower and upper cluster, as functiop of time at
power (ie. the shatdown tme is not occounted for). The overalltime at power has
0. oy e M., M. been 350 days. As one can notice, the power in the two dlusters is opproximately
he same, as the clusters are positioned symmetrically with respect to the axial

1 2 3 4 5 6 peak position. The 10a-1o-1od power scatter 1s small, esgecially in the lower cluster

ORNL Rod3‘ﬁ 4

||uhm||mlml'mlllmlnuhmlun.luulnuhmlnnh
= All 12 rods in IFA-790, including the KAERI rods, have operated normally and

T o R 0. 4
without any indication of failure. ——

4 ~16 MWd/kgU (~360 EFPD) "
=g 23d =l DING - Tt
Rod 1 Red 2 Rod 3 Rod 4 Red §
Top -8 pm
target burn-up of ~ 40 MWdikg UO,, with a WSO | omon
target linear heat rate of 25 kWim Solop ZHAsym

General core map Fosigious
- CrAl coated Zircaloy by AIP
and instrumentation wrpmer | o | Woza
MS-Tpm e Pt

= IFA-790 in the Halden reactor, entailing about 360 days of operation at power. KABE poad

= The average burn-up achieved during this time period is approximately
16.2MWd/kgM

Target operating conditions

Irradiation started in Julv, 2017

Segment ORNL
The irradiation will last for 4-5 years with a Battommid =
Je il I MoZ26M)

CEAAREVA KAERI ORNL EPRI Ref.

Rod 6

Zyd

- FeCrAl coated Zircaloy by 3DP . : ¢ Gt 4 LR | B | v | ot oo | " [ o
" y 2l

FeCiAk2 MoZi2 6Nb Zy4

The water chemistry is 4.6 ppm Li with boron
addition aimed at maintaining a pH300 of ~7.3.

Assembly instrumentation

3 inlet thermocoupies

3 oulet thermocouples

3 downcomer thermocouples

4Rh (+ 1 V) neutron detectors at four different elevations 100 mm ac
finel stack

Rod instrumentation
* cladding elongation (EC) on FeCrAl rod

+  Grods > 5 segmented (4 segments)
100 mm active fuel stack
Suelled with ~7.3 wi% enrichment U0,

IF@
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Nuclear Science
2018

State-of-the-Art Report
‘" on Light Water Reactor
Accident-Tolerant Fuels

@» OECD

BETTER POLICIES FOR BETTER LIVES

NEA

NE ©

KAERI2| coating/surface modification ‘d 1}

Table 10.1. Summary of coating systems properties

<k

Coating

Institution Fabrication Normal operation Accidental behaviour
system
Significantly reduced HT steam
Extremely low corrosion + H pickup ‘oxwdanond b ductii
Similar mechanical behaviour as nerease posl-quenc uctility
PVD uncoated Strengthening effect of Cr_— reduced
AREVA-CEA- | Cr HT creep, reduced balleoning
EDF (5-20 um) Full-length Very good acherence Very adherent and no or very limited
prototype ongoing Cr-Zr interface stable under ion e - ry
S cracking after significand clad
irradiation .
I d wear resistance creepibalooning
nerease 2Zr-Cr eutectic (1 330°C) behaviour
TBD
Significantly reduced HT steam
or Extremely low corrosion + H pickup | oxidation (up to 1 400°C)
CrAl PVD (ion plating) Increased strength and reduced Increased post-quench ductility
KAERI Three-dimensional | ductility Strengthening effect of Cr — reduced
FeCrAl - .
laser coating Very good adherence HT creep, reduced ballooning
(40-80 m) Increased wear resistance Fe-Zr eutectic around 900°C (use of
barrier layer)
oV Extremely low corrosion + H pickup | <educed HT steam oxidation
. Good adherence Some cracking of coating observed
CN Commercially Increased wear resistance during HT steam oxidation
(1-4 pm) available (full- Vi ing of coating ab g Very adherent during HT bust test but
length) f;no_r Crzc tl_ng ot coaling 0bSEVEd | ignificant cracking at burstiballoon
IFE-Halden/ after liradiation location
CNL
TIAIN PVD .
CrAIN Commercially Dissolves in water Cracking and delamination observed
14 available (full- Poor adherence after HT steam oxidation
(14 pm) length)
Mrg):es PYD . No data Similar HT steam oxidation resistance
phases Difficult to obtain a ) of TizAIC to uncoated Zy4
KIT (TizAIC: correct Potential dissolution of TiAIC in Reduced HT steam oxidation of
CrAIC) stoichiometry + water (Al2Os)
: CrAIC
(~5 pm) microstructure
21’\:1 m) Difficult to interpret results g)l:%?ﬁf: :?;%%%HT steam
deposits
uluc PVD (deposits) . . Negligible effect at 1 200°C steam
FeCrAl Reduced corrosion but weight loss (too thin)
(~1 pm) for FeCrAl (dissolution of Al203) Fe-Zr eutectic ~900°C
TiN/ TIAIN - i i
PSU PVD_ (multi-layer Low corrosion + H pickup if surface No data
(~10 pm) coating) TiN

NUCLEAR ENERGY AGENCY

132

STATE-OF-THE-ART REPORT ON LIGHT WATER REACTER ACCIDENT-TOLERANT FUELS, NEA No. 7317, © OECD 2018

mic Energy
Institute

25



3 KAERI2| ATF | &2t

Bl TV X8 dB7|= =E(TRL 4)

s S8 48 oS jd 12 1 |
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oxide
method material method
type
e erfase conting n - - Cr, CrAl Arc ion plating/Cold spray/3D printing Corrosion
Partial ODS-Zr
Laser beam Strength and
n W0 ) Cr, CrAl Arc ion plating/Cold spray 8 .
Cr, Cr-alloy, FeCrAl/Cr etc. scanning Corrosion
Arc ion plating for Cr, .
- - Cr/FeCrAl Corrosion
T - / 3D laser coating/Cold spray for FeCrAl
T oo Laser b Arc ion plating for C Strength and
aser beam rc ion plating for Cr, rength an
- - 2-1 Y,0 Cr/FeCrAl
Toncrease hiah temperature sirenath 273 scanning / 3D laser coating/Cold spray for FeCrAl Corrosion
o0 increase corrosion/oxidation resistance
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