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Post-Quench ductility near the burst hole: a key DBA limit

Exacerbated embrittlement near the burst
region
— @ Double side oxidation

3.0 mm

» @ Thinning of the wall

AWep
ECRgouble-sidea = 87.8 * 5
NUREG 2119, U.S NRC avg,deformed

Therefore, the Office of Nuclear Regulatory Research recommendation for how to treat the
ballooned region is that the time-at-temperature limit developed based on ring-compression
data to limit oxidation is applied uniformly to the entire rod, with the provisions for the balloon
outlined in the existing rule to use the average wall thickness in the rupture region to calculate
the CP-ECR.

ATF-1SG-2020-01, U.S NRC

Differences in oxidation kinetics between zirconium-based cladding and chromium-coated
cladding change the relationship between oxygen diffusion and oxide growth. This issue is
further complicated within the burst region where cladding inner diameter oxidation is based on
zirconium alloy kinetics and cladding outer diameter oxidation would be based on chromium
coating kinetics. Hence, the applicability of the 17-percent equivalent cladding reacted
analytical limit and, more generally, the use of maximum local oxidation as a surrogate SAFDL
for cladding embrittlement is questionable.

The NRC staff should ensure that, if the applicant elects to ignore the potential benefits
expected with chromium coatings and continues to use the existing 10 CFR 50.46 analytical
limits, then supporting evidence has been provided to demonstrate residual ductility of the
coated cladding up to these analytical limits.




Coated cladding: effectively single side oxidation for DBA
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TRANOX : Mechanistic model of Zircaloy oxidation

TRANOX Capability = TRANOX

o Experiment

- Oxygen distribution, ECR, alpha and beta phase thickness
- Transient temperature

- Presence of hydrogen (high burnup)

- Pre-transient oxide layer (high burnup)

- Coated Cladding

Temp=1200°C Time= 1s H= 350wppm
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[1] 2021. D. Kim et al., TRANOX: Model for Non-Isothermal Steam Oxidation of Zircaloy Cladding. Journal of Nuclear
Materials , 556, 153153.

[2] 2022. H. Yook, et al.,. Post-LOCA Ductility of Cr-coated cladding and its embrittlement limit. Journal of Nuclear Materials,
558, 153354.

[3] 2022. D. Kim et al., Study of high burnup effect on steam oxidation of Zircaloy and its regulatory implications via the
development of pre-transient oxide model of TRANOX. Journal of Nuclear Materials, in press.



Result: Ring Compression Tests

»E T~ T T T T T T T T T T T T T T T ]

1 ' O IAEA_Cr_thick (8 = 23.8um) .
20 |+ 'l O IAEA_Cr_thin (8 =4.1um)

1 ' Double side-| T IAEA_Cr/CiN (5 =28.3um/ 9.4um) |
18 L o q ] oxidation o |AEA_ZIRLO

| \ ‘I O JNM.Yook & Lee_coated (6 = 39.6um) J |
16 n‘ v (uncoated) JNM.Yook & Lee_Zr-4

L]

1
Single side- "1
oxidation '\ o
| (coated) \

<ECR-WG 14%>

—
N
I X

l__l__r 1

-
N

1-

a
E 1 ¥~ <Two-sided Oxidation> . <One-sided Inner Oxidation>

____________

Ductile

/
-

-
1

Offset Strain(%)

o N SAE O o O

Ductile-Brittle Transition(U.S.NRC) |

ECR(%)

Key deliverables:

Ductility limit is reached by inner side oxidation. Hence it is insensitive to coating manufacturing process.
Nature of RCT biasedly lowers the ECR limit for coated cladding: the lower ECR limit for coated cladding
is not due to the ductility carrying phase (prior- B). Even with thicker prior- B phase, coated cladding
undergoes premature ductile to brittle transition under RCT. This is primarily because it has thicker
brittle phases (ZrO 2 + a-Zr(0O)) at the inner surface compared to uncoated cladding for the same ECR



Greater benefit for higher burnup

20

18

16

14

12

10

Embrittlement Oxidation Level (%)

Previous 10CFR50.46 Limit T
P R e L —" % — L— O15x15 Low-Sn Zry4

©17x17 Low-Sn Zry4
01010 Zr-lined Zry-2
m17x17 ZIRLO
A17x17 M5

Brittle
63 GWd/t 2]
-

Ductile Z
—

70 GWd/t j e
W
\t
64 GWd/t
0 100 200 300 400 500 600 700

Hydrogen Content (wppm)

<Decreasing allowable ECR limit with
Bu, (H)>, U.S. NRC

800

DBT oxidation time [s]

1200 C T T T F T T T 7. % § 7 ¥ T F T ]
1100 | Cr-coated ZIRLO| 4

1000 B . | Uncoated ZIRLO | ]

900 - I ! I | I ! -
800 |- .
700 |- - | | .

600 |

DBA margin gained

500 |- - ‘ ]

by coating

400

300 f

200 |

100 |

0 I o i & % B n L

0 10 20 30 40 50 60 70 80
Discharge Burnup [MWd/kgU]
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transition (DBT) by exposure to 1200 °C
steam, Cr-coated ECR Limit: 14%
Uncoated ECR Limit: decreasing with Bu >

Dramatic retention of embrittlement margin with burnup :

Applying the draft rule of the U.S NRC, burnup extension is practically impossible.
Successful coated cladding, however, is expected to retain embrittlement margin at
high burnup, providing a basis for future burnup extension.

10



Cr content [wt%]

Extra cladding embrittlement mechanism via Cr-Zr diffusion

@ Cr-thinning
® ZrCr, precipitation @ ZrCr, layer formation
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<Cr-Zr diffusion experiments and TRANOX modeling>



Sign of cladding embrittlement

Hardness = 11.535 * [Cr] + 205
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Fig. Relation between hardness and precipitation




Temperature [°C]

Eutectic reaction of Zr-alloys with Cr
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< Part of Zr-Cr phase diagram of Zr-alloys obtained by Thermo-Calc (TCZR1 database: Cr, Fe, H, Nb, Ni, O, Sn, Zr) >

< Table. Predicted eutectic temperature and Cr content of Zr-alloys obtained by Thermo-Calc >

ZIRLO

Zircaloy-4

HANA-6

Composition [wt%]

Zr(bal)-0.55n-
0.11Fe-Cr-0.110-

Zr(bal)-1.45Sn-
0.21Fe-Cr-0.120

Zr(bal)-Cr-1.1Nb

0.98Nb
Predicted eute::tic 1321.9 1307.8 1327.2
temperature [°C]
Predicted eutectic Cr 2 83 236 3.48

content [wt%]
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DSC results

DSC [mW/mg]

DSC [mW/mg]
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<DSC Curve of coated
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ZIRLO >

< Table. Eutectic temperature and peak area of coated ZIRLO >

Theoretical Cr_thick Cr_thin Cr/CrN
Eutectic temperature [°C] 1321.9 1308.4 1308 1318
Eutectic peak area [J/g] - 26.31 7.59 26.04

<Surface change after eutectic reaction (Cr/CrN coated ZIRLO)>
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Coated Cladding Crack Analysis: Shear-lag model

Shear-lag model

=  Shear-lag model was first presented by O. Volkersen
in 1938 and is one of the most basic concepts in load
transfer between two adherends physically
connected through an adhesive.

= The shear-lag model is used to explain the stress
relationship between the coating layer and the
substrate layer.

= The crack density of the coated cladding can be
calculated from seven major parameters.

b(x)

Tensile
stress in
glass

Interlayer
shear stress

-t . _E ..... _|__ — —T

.

-a

>

=X 0 X a X

P [

M coated layer
| . = iV P interlaver

<Shear-lag model used in coated cladding stress analysis>

<Table. Major parameters and measurement methods>

-1

1 Tp ) B ) B oy
p= I Acosh | arsinh <_A) + Barsinh (—) +e+—

~ 2Ed, - —A E
A=2% _ ¢ B=1, |-Z
E ' bGEd,
* Th *.o H H
P =g P saturation crack density

Parameters | Unit Measurement Method

d, um Microscopy

d, um Theoretical evaluation
GPa Nanoindentation
GPa Tensile test

oy MPa XRD

Op MPa In-situ tensile test

Tp MPa In-situ tensile test

15



Coated Cladding Crack Analysis: Preliminary results

Crack density, p (mm™)

Crack density, p (mm™)

T T 16 T 16 T T
i 147 e “r
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> >
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g 2 g r
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. ‘ 16 : : : . 60 ; ‘ : , ;
|- 14 L
50
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£ E 40
, 1107 1=
> >
8 1= 8¢ 15301
c c
O [7]
L 1B 6 1T
S %201 0, =382MPa |
: ——E=168GPa| 1 g 4l ——G=50GPa g 7,=100MPa
E=268GPa ——G=100GPa| | | F ,=200MPa |
3 E=368GPa | - 2+ G=150GPa | { _
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Tensile strain, €

Tensile strain, ¢

Tensile strain, ¢

d,: Coated layer thickness, d,: Interlayer thickness, E: Elastic modulus, G: Shear modulus,
o,: Residual stress in the as-received coating, o, : Fracture strength of coating
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Experiments: Cr-coated cladding crack test (DIC video)

W

Fuel center line

irrad

l" AL/L

«— P

| A
> |Ecreepr

| R,
vz R,
@ 1D shear-lag model: (@ Expanding to 3D stress 3 Implementing in the fuel
Experimentally obtaining states of Cr-coated cladding  performance code
Cr-specific parameters Experimentally obtaining

Cr-specific parameters
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Integral LOCA Experiment

Integral LOCA Facility

Temperature (°C)

Steam + H2 12.85mm
<+“—>
Cooling jacket .
Pyrometer
a1
:::/ 4 Inductive Heating
gl s |
- - - Insulation :
I = "= % Control Panel
- i Steam tank
inn Induction Coil Quenching
|1 (n..ungrjn:zqqgs{ " Water Tank
| QEnr:laZn_lcfeg -\ '; .. ._v(, 3 ;
L ‘——;_. Quenching water "‘ T_f,,.. ‘.,.—-'—"""—-—)
Steam flow
High-Pressure
Z v gas <Burst>
<Schematic and ﬁgure of fac|||ty> <Integra| LOCA tests enabling Fuel rod
burst and Melting >
I T T T ;;;l T T | ) .
h of Thr\ g » Integral LOCA Experiment of test section 1m
1000 | %\;} 1
ol . N\ _ = High heating rate(~200°C/s) and maximum temperature
0| ?|5 o through induction heating
I HIGH
T @ HE = FFRD simulation through Al,03 or ZrO, pellet insertion
200 L Steam stabilization @_
A = 4 rod experiment simulating subchannel of reactor
0 0 200 400 600 800 1000 1200
Time(s)

<LOCA experiment procedure> 18



Cr-coated Cladding Integral LOCA Experiment

Cladding Ballooning & Burst Experiment

Pressure (MPa)

8 - r ¥ 1 rf I & & £ & & 1T ¢ T % T 7 900
- ——Pressure 1 (MPa) L
7 - Induction heater Temp (°C) B u I’St L 800
: Temp : 808°C I
6 Pressure : 7.11 MPa L 700
l ™
. L 600 =
z I o
L =
L -500
3t , 8
Ramping rate : 88°C/s— L 400 £
i [)
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L ~ 300
1 -
L ~ 200
n 1 L 1 1 1 n 1 1 1 " 1 L 1 n L " 1 "

0
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<Temperature and pressure change in experiment>
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GIFT I| 52 7ol &4 23 A

Cr-coated Zircaloy

Modeling choices

Brute-force Composite model Bare-Zircaloy
multi-layer model Approximation
*  can predict coating * can efficiently approximate *  good when coating layer is thin
stress integral behavior of dual *  No calculation for coating
* no longer valid once layers structural integrity

coating partially fails ¢ No calculation for coating
structural integrity

21
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Introduction of GIFT code

GIFT - 0 X
® Mz es7| - (0 N "2 = w7
&« v > WPC > Local Disk (C) > GIFT v O GIFT &4
O ols ‘ IOl SR} o8 37|
EARY|
B FRAPI_gift 2022-05-15 2% 6:07  Microsoft Exce
@ OneDrive
B GIFT 2022-05-10 @F 7:46 og m=)2k
W pC input 2022-05-15 25 6:06  HAE 2
M HESD [
OHESHM|R. GIFTE &8¢t AEIE L= A= siiA0)| chsl A7l =2| s Ct.
37 g2 El=




Power and Burnup
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Fuel & Cladding temperature
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Gap size
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Stress & Strain
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Mechanical integrity of fuel
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Creep

rate and Stress field
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Burnup and initial enrichment for each PWR
assemblies in the U.S (US Commercial Spent
Nuclear Fuel Assembly Characteristics:

o 1t 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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