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1. Background

A Under existingconditions, Mutsulnterim Spent Fuel StorageFacility can
storage the following spent fuel.

BWR (b0GWd/t, PWR 048 GWd/t
A High burnup spentfuel(55GWAd/t) are alsocandidates for future storage.

U Concernsof high burnup spent fuels
A Increaseof hydrogencontentin cladding
A Increaseof hydrides precipitated in radial orientation during storage

U Concerns oncladding ductility or fuel rod integrity and potential
criticality (pellet dispersal) under accidentcondition during storage and
transportation

A From FY2009 to FY2014, for the assessment of high burnup fuel
Integrity at the dry cask drop accident, mechanical performance of
cladding and fuel rod under the dynamic load condition was examined
using BWR and PWR fuel irradiated up to 55GWd/t.

This test was planned and conducted by Japan Nuclear Energy Safety
Organization (JNES) which was consolidated into NRA in March 2014.
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2. Test Plan

2.1 Objectives

For the assessment of high burnup spent fuelintegrity at the cask drop accident

A To acquire theelemental mechanical properties of BWR and PWR fuedladding
under dynamic load condition

A To evaluatethe dynamic behaviour of BWR and PWR fuel rod under accident
condition during storage andtransportation

2.2 Testllitems
Drop mode :
N Axial drop Lateral drop
Elemental . .
mechanicaltest®f | Dynamic tensile test Dynamic rlr][g Sf:tompressmn
cladding
Dynamic load
impact tests offuel Axial load test Lateralload test
rod
Examinations after Dispersed pellet survey (particle size, amount),
Impact tests Metallography, SEM, etc.
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2.3 Test'Matrix
55GWd/t type?
Fuel Type PWR
. BWR 9X9 17X17
ef; due Rod average burnup GWd/t) 56 52-55
Cladding material Zry -2° MDA ¢
Heat treatment RXd SRe
Hydrogen content (ppm) 100- 140 70-170
Dynamic tensiletest L
As-irradiated 6 12
Elemental (up to 200 )
mechanical test of Dynamic ring As-irradiated 4 3
cladding compressiontest ]
Test Hydride
item (Up t0 4000 MMy | fepriented < 6
and Axial load test |As-irradiated 5 5
number Dynamic load —
impact test of fuel As-irradiated S 3
rod Lateral load test [
. 1 2
reoriented
alicensed maximumbundle aver age burnup POVthEZ IBdvd / t

¢ Mitsubishi Developed Alloy (Zr-0.85Sr0.2Fe-0.1Cr-0.5Nb)

e Stress relieved annealing fDummy pellets(made of forsterite (Mg,SiO,)) loaded

d Recrystallized annealing
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3. Test Equipment and Test Specimen

3.1 TestEquipment for Dynamic Load Impact Test (BWR)

ADynamic load or impact speed taspecimenwas controlled | Pynamic Load
by drop velocity of weight using spring expansion force. >4<

A Deformation behaviour of specimen was recorded by high Dynamic Load
speed cameras. ||_Spent fuelrod @
A This equipment wasalso usedor a part of dynamic tensile .
> K 7
test(200s*') and dynamic ring compression test 7 it
(4000mm/9.

,_,:.-J/_i |

Guide

Fuel rod
specimen

Spring
Specimen
supporting plate

Weight Weight

Fuel rod
specimen

Specimen
holding fixture

Setup for axial load Setup for lateral load
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3.2 TestEquipment for Dynamic Load Impact Test (PWR)

AThe test equipment was designed to install 2l 7 _

) .. | — |h Dynamic Load
transversely due to the height restriction of the PIE I
facility.

A Dynamic load or impact speed to specimen was SF"“”‘ fuel rod
controlled by horizontal velocity of weight using J  Dunamic Load
spring expansion force. !

A Deformation behaviour of specimen was recorded by

high speed cameras.

13
l Shatterproof Box for Dispersed Pellets

Shock Transmission Pole

@\

Setup for axial load Setup for lateral load

High Speed Camera
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3.3 Test:'Specimendor Dynamic Loadimpact Tes|

|| 150 |‘

=t

Te]
: , 80
[An]

70
\_"\_
I\
5 \

Hydride reoriented cladding
Plenum section Fuelsection Dummy pellet specimen

BWR (unitmm) PWR (unit:mm)
Axial load Lateralload Axial load
B 453 N
_ | 165 | B - ! B
. 523 A

| |
Long length specimen (plenum & fuel sectién
3 228 N
[ ) |

. < o
298 R
|

le
Short length specimen (fuel sectién)

Lateral load

| 100
68 |

100
ﬁ:ﬁ .. '—'_I-H HL-’_ﬁr . . "i |

As-irradiated specimen Aydride reoriented cla
Unirradiatedcladding

)

ddin

Dummy pellet specimei

& Influence of hydride reorientation was evaluated using dummy pellet specimen
b Influenceof rod length on dynamic behaviouwasevaluatedusinglong length and

short length specimens
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4. Elemental Mechanical Tests ofCladding
4.1 Resulis.ofi DynamicRing Compression:Test (BWR: & PWR)

*1 Using the test equipment for dynamic load
*2 Hydride reorientation treatment

0.15 > Temperature(°C)_Hoop stress (MPa)_Cooling rate (°C/h)
E - g 40
£ I \ - . "
= ! | o e @ As irradiated _
= . %_3 - ) 8 W 250°C_90MPa_30°C/h
£ =7 2 4 A250°C_100MPa_30°C/h | .., _
2 0.10 = © o o 2
O = . ©275°C_100MPa_30C/h
E é = 300°C_100MPa_30°C/h
S W As irradiated @ A300°C 115MPa 30°C/h _
a 2 @ 20 = =
2 W 300°C_70MPa_30°C/h = ®
= "2
S 0.05 < H charged (240ppm) + 300°C_70MPa_30°C/h % !
| 3 ¢
ie] 4 H charged (230ppm @
: ged (230ppm) § 10 A &
E 2 A 2 ﬁ Displ : t
= o Isplacemen
3 BWR 5 L | PWR o s
0.00 | . 0 ' ' ' M D :Cladding OD
001 01 1 10 100 1000 10000 0.01 0.1 1 10 100 1000
Compression Speed (mm/s) Compression Speed (mm/s)

A With increase of compression speed A With increase of compression speed (<100mms),
(<100mmy/s), strength decreased, ductility decreased.
however, increased at ~4000 mnvs. A Influence of hydride reorientation was observed
at 308 _115MPa_3@3 /h.
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DynamiciLoaimpact Test (BWR)

- Shearing
failure
occurred.

- Sparks flied
from the
breakage part
at 0.3 ms after
maximum load.

Weight mass 3.5kg
Impact speed 12m/s 9m/s 6m/s 3.7m/s 6m/s
Specimen type Fuel section Plenum section
Maximum load 60 kN 53kN 46kN 29 kN 22 kN
Pellet dispersal 18.2¢ No failure No failure No failure No failure
Deformation Spiral breakage al E)?/v“éirngart No deformation | No deformation at ;?Igr%lr?lgpart

- ]
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5.1-2 Axial Dynamic Load Impact Test (BWR):

Amount of Dis parsﬁtl’elletami Particle ‘Size Distribution(12m/s,60kN)

)‘ \‘ : ‘ '/ ,,1 "o
Dispersed pellet at the g “’"’”r 8,
moment of breakage ) ":,-‘.".‘.' ".J
LTI ".'I.-' \('0‘
4258 m 8508 m 850 ¢ ni 2.00 mm (2.00 mm
Uncollected ]

<75um | (01%)
75pum~106um | (g0 )

-.-3‘ 3

@ 106um~250um
O 250pm~425um @
O _ Specimen mass change : 18.2g
= 42 ~ |
@ oHm~850um - § Uncollected amount : 11.2g
Q. 850um~2.00mm |

=2.00mm [

0 20 40 60 80 100
Rate (%)

A Amount of dispersed pellet at
the breakage was equivalent
to about 2 pellets.

A Particle size distributions
were measured.

A Pellets exceeding 8 of
dispersed amount were not
collected, and those were
very fine.

* Uncollected = (Specimen mass before test) i ((Specimen mass after test) + (Collected mass))
* Since element analysis was not carried out, a little impurities might be mixed.
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5.2-1 Resultsiof Axial IDynamicll.oadlimpactTest (RWR)

| S1 L-3 S-2 L-2 L-1
FPREITIET K. s Shorlt/ Fuie Long/Fuel Short/Fuel Long/Fuel | Long/Plenum
Weight mass 3 kg 3 kg
Impact speed 11 m/s 8 m/s 11 m/s 11 m/s
(W:\t"haf;“grgf éoﬁﬂz) 40kN 36kN 35kN 33kN 17kN
Failure Shearing F S S S F
Sgoodjnd (h%%?gégg )] - " > > :
F:Failure (fiii?g;gg N ; ; F S )
Crack direction Spiral CirCLimg\e):(riglntial Circum;‘erentia } CirCtimLirig?tial
Pelletdispersal 11.2 g 89¢g 0.69 - 0g

A Failures occurred at maximum load of 3%N or more except L-1 (Plenum specimen).
A L-1 was failed at plenum spring area without pellet dispersal.
A Afterinitial impact, axial load increased with compression, and higtorder mode bending

occurred, thenfirst-or de r

were observed.

A In the failed specimens, circumferential and/or spiral cracks were observed and some cracks
branched in the axial direction.

A The effect of specimen length on dynamidehaviour was not observed.

mo d e

be n$iemgr i mgc drarid du.r efd
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5.2-2 Axial Dynamic Load Impact Test (PWR):
Time History of Deformation State by High Speed Cameralmage

Seal *

RN e TsTe Ve Ve Vo Nd 6 8- -2

a at max. impactload (4kN) |4 a atmax. impactload (3&kN) a atmax. impactload (3%N)

;

* - - OO R €S € €S

b 0.3msafter(a)

b 1.8 msafter(a) S b 1.0msafter(a)

—

<o -
-

e L e R D S N —

¢ 1.5msafter(a) c 3.2msafter (a)

c 7.2msafter (a)

S-1 (Short/Fuel) L-3 (Long/Fuel) L-2 (Long/Fuel)
U Shearingfailure U Bending (high-order) failure Ui No failure
U Spiral crack 0 Circum. + Axial crac

Seal *

* Ocellatedseals were attached on the surface
of cladding in order to record the
4. Zmm chronological change of deformation
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5.2-3 Axial Dynamic Load Impact Test(PWR):

Amount of Dispersed Pellet and Particle Size DistributiofS-1:11m/s, 4CkN)

Dispersed pellet at the

moment of breakage

< 75Hn 250ANn- 425/n
Specimenmass change : 11.2g

§ Uncollectedamount : 1.3¢g

@

S

@

o

impurities

850N - 2mm

A Amount of dispersed pellet at
the breakage was equivalent to
about 2pellets as same as
BWR.

A Particle sizedistributions were
measured.

A Uncollected amount was
smaller than that of BWR due
to the difference in test
equipment andpellet
characteristics.
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