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High Temperaturc Deformation Behavior of

Gradually Pressurized Zircaloy-4 Tubes

Motoye SUZUKI
Division of Reactor Safety,
Tokal Research Establishment, JAERI

(Received January 29, 1982)

In order to obtain preliminary perspectives on fuel cladding
deformation behavior under changing temperature and pressure
conditions in a hypothetical loss-of-coolant accident of PWR, a
7ircaloy-4 tube burst test was conducted in both air and 99.97%
Ar atomospheres. The tubes were directly heated by AC-current aid
maintained at various temperatures, and pressurized gradually
until rupture occurred. Rupture circumferential strains were
generally larger in Ar gas than in air and attained a maximum
around 1100 K in both atomospheres. Some tubes tested in air
produced axially-extended long balloons, which proved not to be
explained by such properties or ideas as effect of cooling on
strain rate, superplasticity, geometrical plastic instability and
stresses generated by surface oxide layer. A cause of the long
balloon may be obtained in the anisotropy of the material
structure. But even a qualitative analysis based on this property

can not be made due to insufficient data of the anisotropy.

Keywords: Loss~of-coolant, Zircaloy-4, Gradual Pressurization,

Balloon, Surface Oxide Layer, High Temperature
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Table 1 Chemical Composition of Zircaloy - 4

Element Sn Fe Cr |Fe+Cr+Ni| AR B Cd Co

Content (w/o0) | 1.46 0.22 0,10 |0.32 0.0063}<0,00005 | <0.00005|<0.0005

Element Cu Hf Mn Si Ti W U " Pb

Content (w/o) | 0.0010| 0.0083|<0.001 |0.0030 0.0010{<0.0010 |<0.00035|<0.0010

Element cL Mg Ca C 0 H N Zr

Content (w/o) !<0.0020<0.0005|<0.0005|0.0080 |0.1280| 0.0020 | 0.0018 |Bal.
Table 2 Test matrix of zircaloy-4 tubes heated

and pressurized in

(O --- axially

Zﬁx——— Axially

free tubes.

restrained tubes.

air and argon gas atmospheres.

Maintained Temperature
~ 1010 ~ 1310K

Air (Atmosphere | o qqn
g%i%.g O.a 1 ©.4A
%;g O,a | O.A
TBESER
o
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Fig.l Schematic of test apparatus
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Fig.2 Typical history of specimen tube temperature,
internal pressure and diametral strain of: one
test run. Tm means maintained level of tube

temperature.
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Fig.3' Histories of temperatures, internal pressures and diameter

)

changes of zircaloy-4 tube specimens tested in air(

and 99.97% argon gas atmospheres (===). A, B and C
_indicate thermocouple~hot-junction positions on the specimen

surface. Axial distance betwean them is about 40 mm.
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S PRY ¢ 1264 (1258)

Photo.1l Ooverall view of ruptured zircaloy-4 specimen tubes heated
and maintained at eight different levels of temperatures
in air and pressurized at the rate of 5.5%0.3 kpa/sec.

Tm (Tb): Maintained (burst) temperature (K).
R: Axially restricted tubes, F: Upper end free tubes.
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Photo. 2 Overall view of ruptured zircaloy-4 specimen tubes heated
and maintained at six different levels of temperatures in
air and pressurized at the rate of 20tl.2 kPa/sec.

Tm (Tb): Maintained (burst) temperature (K).
R: Axially restricted tubes, F: Upper end free tubes.
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yh  R089(1079), F

e M o LR

U Cm{Th) s 1247(1236), R

Photo.3 Overall view of ruptured zircaloy-4 specimen tubes heated
and maintained at five different levels of temperatures in
air and pressurized at the rate of 60%4 kPa/sec.

Tm (Thb): Maintained (burst) temperature (K) .
R: Axially restricted tubes, F: Upper end free tubes.
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Photo.4 Gverall view of ruptured zircaloy-4 specimen tubes
heated and maintained at four different levels of
temperatures in 99.97% argon gas and pressurized at
the rate of 5.5%0.3 kPa/sec.

Tm{Th): Miantained (burst) temperature (X),
Photo: 4-A ; 4-B , 4-C ’ 4-D .
Tm{Th): 1092(1056}, 1124(1103) , 1193(1175) , 1250(1240).

&

TR i ik
Fogl sel el el e B
Photo.5 Overall view of ruptured zircaloy-4 specimen tubes

heated and maintained at four different levels of
temperatures in 99%.97% argon gas and pressurized at
the rate of 20x1.2 kPa/sec.

Tm(Th): Maintained (burst) temperature (K},
Phote @ 5=A R 5=B , 5-C ¢ 5-D .
Tm(Tb) : 1o83( 957) , 1097(1075) , 1173(1158), 1249(1229).
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W b

50.mm.

e

Overall view of ruptured zircaloy-4 specimen tubes
heated and maintained at four different levels of
temperatures in 99.97% argon gas and pressurized at
the rate of 60x4 kPa/sec.

Tm{Th)} : Maintained (burst) temperature,
FPhoto : 6-A ’ 6-B . 6-C . 6=D
Tm{Th) : 1101{(1099}, 1141(1134), 1197(1194), 1262(1255).
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Photo.7 Structure of zircaloy-4 specimen tube
maintained at a temperature of 1120£10 K
in air and pressurized at the rate of
5.5 kPa/sec. The two dimples are cross
sections of cracks formed in the outer
oxide surface. The same specimen as shown
in Photo.l-B.

Photo.8 Cross section of ruptured zircaloy-4
specimen tube maintained at a temperature
of 1249410 K in air and pressurized at
the rate of 18.8 kPa/sec. The same
specimen as shown in Photo.2-D.
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Photo.9
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C

Silhouettes of an expanding zircaloy-4 tube

maintained at a temperature of 1124%10 K in

air and pressurized at the rate of 5.5 kra/sec.

The thin lines are thermocouple lead silhou-

ettes.

A: Initial state, B: 12.4sec before burst,

C: 1.7sec before burst, and D: Burst moment.

Photo.10

Sithouettes of an expanding zircaloy-4 tube
maintained at a temperature of 1133x10 K in
99.,97%argon gas and pressurized at the rate
of 5.6 kPa/sec. The thin lines are thermc=
couple lead silhouettes.

A: Initial state, B: 39sec Dbefore burst,
C: 6sec before burst, and D: Burst moment .



