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To investigate the relationship between the fracture resistance of a cladding tube and the amount of
deformation of the cladding tube due to ballooning and rupture during a loss-of-coolant accident
(LOCA), four-point-bending tests were performed using non-irradiated Zircaloy-4 cladding tubes which
experienced a LOCA-simulated sequence (ballooning, rupture, high temperature oxidation and quench).
According to the obtained results, it was found that the maximum bending stress of the cladding tube
after the LOCA-simulated sequence, which was defined as the fracture resistance, correlated to the aver-
age thickness of prior-B layer in the cladding tube. Based on the average thickness of prior-p layer, the
fracture resistance of the cladding tube with ballooning and rupture was expressed as functions of
isothermal oxidation time and temperature and the maximum circumferential strain on the cladding

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

During a large-break loss-of-coolant accident (LB-LOCA) in a
light water reactor, fuel cladding would experience deformation
and embrittlement caused by the oxidation and hydrogen absorp-
tion at high temperature in a steam atmosphere. After the emer-
gency core cooling system (ECCS) is activated and cooling water is
injected into the reactor core, a tensile load would be applied to
the fuel cladding by the restraint between fuel cladding and spacer
and thermal shock (Chung et al., 1980). Current Japanese LOCA cri-
teria are determined to maintain the coolability of the reactor core
during and after a LOCA by avoiding the embrittlement of fuel clad-
ding by oxidation and secondary hydriding. The criteria require that
the peak cladding temperature (PCT) shall not exceed 1200 °C
(1473 K) and the amount of oxidation, which is expressed as an
equivalent cladding reacted (ECR) calculated by the Baker-Just oxi-
dation equation (Baker and Just, 1962), shall not exceed 15%. The
appropriateness of these criteria has been investigated and verified
by previous studies (Uetsuka et al., 1983; Nagase and Fuketa, 2004;
Nagase et al., 2009; Uetsuka et al., 1981).

Maintaining fuel rod shape during the long-term core cooling
after LOCA has become a key issue related to nuclear safety since
the accident at the Fukushima Daiichi nuclear power station.
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Especially, an earthquake is considered as one of the major exter-
nal forces which would apply a load to the fuel rod in the reactor
core during the long-term core cooling, and it is important to eval-
uate the fracture resistance of fuel rods against such seismic load in
order to estimate the long-term core coolability after LOCA. While
effects of the oxidation and hydrogen embrittlement for the frac-
ture resistance have been investigated by preceding studies
(Yamato et al., 2014; Billone et al., 2016) by four-point bending test
(4PBT), which simulates an external force caused by seismic
motion, effects of deformation of the fuel cladding due to balloon-
ing and rupture during LOCA on the fracture resistance of fuel clad-
ding have not been clarified yet.

In this study, the relationship between the fracture resistance of
the cladding tube and the deformation of the cladding tube due to
ballooning and rupture during a LOCA was investigated by 4PBT
using non-irradiated Zircaloy-4 cladding tubes which experienced
a LOCA-simulated sequence; and was formulated as functions of
the isothermal oxidation temperature and time and the maximum
circumferential strain on the cladding tube.

2. Experimental
2.1. Test specimen and apparatus

Fig. 1 shows a schematic diagram of a test rod used in this
study. The test rod consisted of an un-irradiated stress-relieved
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Nomenclature
L outside circumferential length after ballooning and R gas constant (8.31451 [J/mol-k])
burst [m] T isothermal oxidation temperature [K]
I inner radius as received [m] oM maximum bending stress during 4PBT [MPa]
I outer radius as received [m] pending . .
r) inner radius after ballooning and burst [m] O bending rrl\l/?glmum bending stress evaluated by Eq. (13)
r outer radius after ballooning and burst [m] M L]axair]num bending moment [N-m]
ry inner radius after oxidation and quench [m] . &
! . A Prax maximum load [N]
1 outer radius after oxidation and quench [m] . le which i | d using th
Srom wall thickness as received [m] 0 rupture opening angle which is evaluated using the
& wall thickness of maximum circumferential strain [m] E’:;?jt]h of the rupture opening and the outer radius
J; wall thickness of the Zircaloy-4 metal layer reacted ! span between loading pins [m]
with steam which corresponds to a target ECR [m] ll span between su orgtpins [m]
Oprior—p average thickness of prior-B layer defined as Eq. (9) 2 P . pp [32
[m] Aprior—p area of prior-p layer [m?] . ,
Ss21(0) average thickness of 0-Zr(0) layer defined as Eq.  Aprior—p+o-zr0) total area of o-Zr(0) and prior-p layers[m”]
(10) [m] Apmr,ﬁw,z,(o)ﬂr% total area of ZrO,, a-Zr(O) and prior-B layers
dzr0 average thickness of ZrO, layer defined as Eq. (11) [m?]
2 . . . .
[m] CLyrior—g c1rcumferent1al length .of Fhe central line in the
Eor_s average thickness of prior-p layer evaluated by cladding wall after oxidation between the outer
using Eq. (16) [x10~®m] edges of pl‘lOI’-!3 layer [m] o
S _z0) average thickness of o-Zr(0) layer evaluated by  Clprior—p+a-zr0) circumferential length of the central line in the
using Eq. (15) [m] cladding wall after oxidation between the outer
o, average thickness of ZrO, layer evaluated by using edges of a-Zr(0) layer (including prior-p layer) [m]
Eq. (14) [m] CLprior—p+a-zr(0)+zi0, Circumferential length of the central line in
ECR Target target ECR for the experiment [%] the cladding wall afte.r oxidgtion between the quter
t isothermal oxidation time [s] edges of ZrO, layer (including o-Zr(O) and prior-B
o density of Zr (6500[kg/m>]) (Baker and Just, 1962) layers) [m] ‘ .
Rp gas constant used in the Baker-Just oxidation equa- Cn maximum circumferential strain [%]
tion (1.987 [cal/mol-K]) (Baker and Just, 1962)
connected to the upper and lower ends of the cladding tube using
Top plug Swagelok™. Three R-type thermocouples were spot-welded on the
Swagelok Zircaloy-4 Tube outer surface of the cladding tube: the axial positions were the
[ center of specimen, 40 mm above and below the center of the test
—_ ) fuel rod, respectively.
| OD:9.5 mm A schematic diagram of the test apparatus is presented in Fig. 2.
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Fig. 1. A schematic diagram of the test rod used in this study. 5 ;
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Zircaloy-4 cladding tube, alumina pellets and end plugs. The i
length, outer diameter and wall thickness of the tube were approx- Reflooding
imately 190, 9.5, and 0.57 mm, respectively. Here, alumina pellets water inlet Gas feed system
were used to simulate the effect of the heat capacity of UO, on the

temperature change in the cladding during a LOCA. After alumina
pellets were inserted into the cladding tube, the end plugs were

s

Fig. 2. A schematic diagram of the test apparatus used in this study.
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