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1. Preface

The thin walled small sized seamless A1S1 316 steel tubes, which

are designated to be domestically used as the fuel îaifeinfeiKg for sodium

cooled fast breeder reactors in Japan, are irradiated in the following

sodium of high temperature in the range of 370 C to 700 C, and receive

gradually increased internal pressure caused by the fission produced gas

generating from the nuclear fuel burn-up inside the cladding tube. Con-

sequently, the creep behavior of fuel cladding tubes under a high tempera-

ture sodium environment is an important problem which must be determined

and clarified together with their characteristic features under irradiation

and in air.

In relation to the creep performance of fuel cladding tubes made of Al$l

316 steel and other comparable austenitic stainless steels, there are

found hardly any studies made systematically to examine the effect of sodium

with sodium purity as parameter, or any comparative studies with in-air

data at various different temperatures. "

The present research work was aimed to obtain certain basic

design data relating to in-sodium creep performance of the domestic made

fuel cladding tubes for fast breeder reactors, and also to gain further

data as considered necessary under several sodium conditions. That is ,

together with establishment of the technology for tensile creep test and

internal pressure creep rupture test in flowing sodium of high temperature,

a series of tests and studies were performed on the trial made cladding

tubes of A1SI Type-316 steel. In the first place, two kinds of purity

conditions of sodium, close to the actual reactor-operating condition,

(oxygen concentration of 10 ppm and 5 ppm respectively) were established,

and then uniaxial tensile creep test and rupture test under various tempera-

tures were performed, and the resulting data were compared and evaluated

against the in-air data. Then, in the second, an internal pressure

creep rupture test was conducted under a single purity sodium environ-

ment (oxygen concentration of 10 ppm) to study the correlation between

internal pressure and uniaxial tensile creep rupture, and thirdly, the

correlation between decarburization and rupture strength was considered.

t-3. Results of Test and Their Evaluation

t-l. Results of Tensile Creep Rupture Test and Internal Pressure

Creep Rupture Test, and Their Evaluation

The results of the tensile creep rupture test, which was per-

formed in sodium in which purity condition had been set at 10 ppm and

5 ppm of oxygen concentration, are represented by Fig. 6. As is

obvious from the diagram, within the range of the test results obtained

up to about 2,000 hours of rupture time, no significant difference was

observed of oxygen concentration affecting against creep rupture strength.

The general trend of these creep rupture curves i s , as shown by the

following diagram (Fig. 6 ) , getting lower on the right side toward

higher temperature and longer hours. Fig. 7 shows the comparison of

data between in-air and in-sodium tensile creep rupture tests. From

this, no significant difference between the two at either 600 °C or 650

C, as longer became the rupture hours, the in-sodium rupture strength

conspicuously declined. Here, the in-sodium creep rupture data

were those obtained under the condition of 10 ppm oxygen concentra-

tion. The internal pressure of the inert gas packed into the test tube

for the in-sodium uniaxial tensile creep rupture test under the atmos-

pheric pressure and at the room temperature will become 2.4 Kg/cm2

at 700 C. When this value is converted into the circumferential

stress by a mean diameter formula, it is 0.20 Kg/cm2, and from the
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fact that this value is not too large as compared with the load stress,

its effect is quite negligible. This stress by the internal pressure

is alleviated, by the cover gas pressure (about 100 mmllg) in the

sodium loop even though very slightly.

The correlation between the minimum creep rate and tensile

stress in-sodium and in-air is shown by Fig. 8. Although no signifi-

cant difference between the two at 600 °C and 650 °C respectively was

observed similar to the case of the tensile creep rupture data, the in-

sodium minimum creep rate at 700 C shows a trend of obvious increase

on the longer hour side than in the case of the in-air test.

Fig. 9 shows the comparison between the in-sodium data and the

in-air data in relation to correlation between the internal pressure and

rupture time. The diagram shows that the data of in-sodium internal

pressure creep rupture follows the similar trend as in the case of the

tensile creep rupture. The decline of in-sodium internal pressure

creep rupture strength is about 10<~ 15 % at 1,000 hours (approximately

the same rate of decline as in the case of tensile creep rupture strength).
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Fig. 6 Comparison of creep-rupture data under uniaxial tension in sodium of 5ppm and
lOppm oxygen.

*1 In order to evaluate the extent of influence of internal pressure, a
calculation was made on the most severe case.
At 700 °C (highest temperature in this test range) and 6.0 Kg/mm2
(minimum value of test stress at 700 °C), sufficiently small values of
the ratio ( o*-<t% ) / at were obtained:

a* - <rz

<0.5% (by Mises* formula)

<0.2% (by Tresca's formula)

where, a% is loaded uniaxial stress and <r* is Tresca's or Mises'
equivalent stress, into which sum of a% and stress due to internal
pressure is converted.
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Fig. 7 Comparison of creep-rupture data under uniaxial tension in sodium and air.
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Fig. 8 Comparison of niiiiiniiiiii creep r.ilc diitii under uniaxi.il tension in suiliniii :i"<l uir.

In the next, the internal pressure was substituted by various

equivalent stresses, and from the relations between such stress and

the rupture time, the correlation between the internal pressure and

the tensile creep rupture curves was studied. Following expressions

are well known equivalent stress formulas.

Mises' formula:

Inner d i a m e t e r formula:

p (
2 2t K

Do
Mean d i a m e t e r formula: <r=.p(—-— — 0 . 5 )

Outer diameter formula: P (
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Fig. 9 Comparison of creep-rupture data under internal pressure in sodium and air.

Here, a '• Equivalent stress

p : Test internal pressure

Do : Outer diameter

tK : Wall thickness

The resulting data and the tensile creep rupture curves are as

shown by Fig. 10. Although there is found no specially matching

equivalent stress equation with any tensile creep rupture curve at any

test temperatures, those equations which are seemed to match with each

other are considered to be the mean diameter equation at 600 C, the

internal diameter equation at 650 °C, and at 700 °C, Mises equation on

the relatively shorter rupture time side respectively. If a relatively

well matching equivalent stress equation be selected among these three

temperature range, the internal diameter equation might be the one to

be cited as well matching. The qualitative trend of these equivalent

stress equations which match well with the uni-axial tensile creep rup-
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Fig. 10 Comparison of creep-rupture data replaced internal pressure by equivalent

stress and tensile creep-rupture data.

ture curves at each temperature, to give relatively a low stress level,

at higher temperature, is very akin to the in-air test data. This is

thought to mean that the strength anlsotropy was not resulted in by any

sodium corrosion effect.

2. Effect of Sodium Environment Upon Creep-Rupture

Fig9 13-(a) and (b) show the photographs of the sodium dipped

surface of the test tubes after in-sodium tensile creep-rupture at 600

C, and of the tube's longitudinal cross section respectively. This

test piece ruptured under the stress of 22.0 Kg/cm2 at 1,103.4 hours.

The sodium exposed surface, as shown by Figs. 13-(a) and 14, presents

micro grain boundary cracks in the right angle to the tensile direction

all through the area of the gauge length between the tapered end-sections.

In the tube's longitudinal cross section, there are observed numerous

ligamental cracks, as shown by Fig. l3-(b), on the sodium exposed

surface. The pattern of cracks of the in-sodium ruptured test pieces

at 650 C, is Dbserved approximately similar to at 600 °C. From these

observations, it is assumed that, at either 600 °C or 650 °C, creep

cracks ha'-e easily initiated on the sodium dipped surface rather than

from the inside where He is filled, and these cracks seemed to progress

from the 3odium dipped surface into the inner side leading eventually to

tube's rupture. But the creep rupture strength at these temperatures

presented no significant difference between the in-sodium and in-air

tests. From th'.s, it may be assumed there will be no much difference

between in-air and in-sodium tests in the timing for initiation of creep

cracks on the sodium dipped surface and the timing for propagation of

the major cracks into the tube's interior. But no definite fact has been

known.

The optical microstructures (about 20 mm apart from the ruptured

opening) of the test pieces after in-sodium internal pressure creep and

creep-rupture tests are shown in Fig. 17. Fig. 17-(a) represents the

metallograph indicating the microstructure of the test piece in the case

of 600 C sodium exposure (internal pressure 212 Kg/cm2, and inter-

rupted after the loading time of 3,015.5 hours). Comparing with the

delivered tube billet, there are clearly observed numerous deformation

bands recognizable as parallel lines. At 650 °C, in these deformation

bands and grain boundaries, there is observed precipitation of numerous

144

micro particles which are thought to be r Fig. 17-(b) repre-

sents the microstructure in the case of sodium exposure at 700 °C and

internal pressure of 80 Kg/cm2, rupture time 1,942.0 hrs. Inside

areas other than the vicnity of the sodium exposed surface, there are


