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ABSTRACT

Low-cycle fatigue tests in sodium and in air Have been performed to investigate
the influence of a high-temperature sodium environment on the strain-controlled
fatigue behavior for SUS304 stainless steel. The oxygen concentration in sodium
was 2.4 ppm at the cold trap temperature of 145°C. Tests in both environments
were conducted at 450°C, 550°C and 650°C at a constant strain rate of lxlO"3/sec
with a fully-reversed triangular waveform and a zero mean strain.

The results obtained are summarized as follows.
(1) The fatigue life of SUS304 stainless steel in sodium at 450°C, 550°C and

650°C was greater than those in air at the same temperature except at higher
strain range ( > 0.8% ) at 650°C, and this difference had a tendency to
increase as the total strain range decreases. At the higher total strain
range at 650°C, there was no marked difference between both environments.

(2) As the temperature increased, the fatigue life in sodium and in air
decreased, and the Nf sodium / Nf air ratio also decreased.

(3) Microscopic examination of specimens tested in sodium and in air at 450°C,
550°C and 650°C revealed no difference in the microstructure, but few surface
cracks were observed on specimens tested in sodium than in those tested in
air.

(4) Fractography of specimens tested in air at 450°C, 550°C and 650°C revealed
well-defined striations. But, in sodium, striations on specimens tested at
450°C and 550°C showed obscure configuration and it was difficult to find
out, whereas, at 650°C in sodium intergranular fracture was observed.

(5) The specimens tested in sodium had a longer fatigue life than those tested
in air because the latter are subjected to considerable oxidation, while
the former are free of such chemical action. Accordingly, it is concluded
that crack initiation and propagation are more likly to occur in air than
in sodium.

1. Introduction

It is planned to use SUS304 stainless steel for the structural material for the
Prototype Fast Breeder Reactor " MONJU ". As it is subjected to various stresses
during the extended hours ( 30 years ) at high temperature, it should be assured
the integrity of the material at the end of its service life. A large amount of
data on material strength is demanded. In comparison with data on materials in
air", data on materials in sodium are extremly limited, and it is therefor
important to collect data on materials in sodium. From this point of view, low-
cycle fatigue tests on SUS304 stainless steel were conducted in sodium at
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temperatures of 450°C, 550°C and 650°C in the flowing sodium. •
The present paper describes the results of investigations in the fatigue life,

cyclic stress, metallography and fracture surface. And further, data obt/ained in
sodium is compared with those in air tested at the same temperatures. ;

2. Experimental Procedure i

2.1. Material and Test specimen
The material used is the SUS3O4 stainless steel plate ( heat No.48139 ) with

a thickness of 40mm used under the research program in sodium of the PNC. Tables
1 and 2 show the chemical composition and mechanical properties, respectively.
Figure 4 shows a fatigue test specimen and calibration test specimen. The

fatigue test specimen is with 10mm in diameter and 30mm in gauge lei/gth at the
parallel portion. The surface of the parallel portion was axially pprished by an
emery paper on the test specimen and finished by No.400 emery paper« The
calibration specimen is 10mm length instead of 30mm length at the/parallel
portion of the fatigue test specimen and used for the calibration,of displacement
measured by the in-sodium fatigue testing machine. /

The exposure test specimen with the dimensions of 20mm x 20mm ,x 10mm was used
to obtain the carbon concentration profile on the surface of the1 specimen.

2.2. Test Facility •'
The fatigue tests in sodium were conducted by using the Corrosion Fatigue

Testing Facility ( CF loop ). CF loop consists of two fatigue testing machines
and two sodium loops. Fig.2 shows the external appearance of/the fatigue testing
machine. Each testing machine is a closed loop servohydraulfc uniaxial fatigue
testing machine with a capacity of 10 tons. Fig.3 shows the' testing machine
mounted on the test vessel of the loop. The structure of this testing machine
is differently made from the usual uniaxial type testing machine considering
that it would be used under such a special atmosphere as.high temperature sodium.
The testing machine has the actuator and load cell at the upper part, and the
push-pull rod and test specimen at the lower part. The cross head is arranged at
the upper part. By this cross head, the testing machine is fixed on the loop
supporting stand. /
The extensometer is a linear variabl differential transformer ( LVDT ) for

accuracy of ±10jjmm. It is attached to the outside and upper part of the test
vessel as shown in Fig.3, because it is impossible to place it near the test
specimen in high temperature sodium, so that the extensometer is to measure the
relative displacement of the push-pull rod to the outer shell. Fatigue testing
loop (CF-11 and CF-12 ) are the daughter loop of the Material Testing Loop 2.
Fig.4 shows the flow sheet of the CF loop. The temperature on the surface of the
test specimen in sodium is controlled at the test temperature +2°C by means of
the primary and secondary heaters, and trased heater wrapped the test vessel.
The sodium flow rate is maintained 2 1/min in constant.

2.3. Fatigue Testing Method
In the fatigue test in sodium, the test specimen is attached to the testing

machine at the outside of the test vessel, and then the testing machine is
inserted into the test vessel by means of a testing machine carrier. Subseqently,
the test specimen and the test vessel are preheated to a given temperature,
followed by charging the vessel with sodium at the same temperature from the the
sodium tank. The temperature of test specimen in sodium is raised to the test
temperature, while the sodium is circulated by an electromagnetic pump of the'
mother loop. During this period up to the commencement of the test, the testing
machine is in the load-controlled mode ( the set-up value is zero) to avoid the
load by heat expantion and the dead load of the testing machine itself being

742



applied on the test specimen.
Impurity level within sodium was controlled with the use of a cold trap of the

mother loop. The cold trap was continuously used to purify the sodium throughout
the test period, with its lowest temperature kept at 145°C The plugging meter
was used to obtain estimates of impurity level and the fatigue test was not
started till the plugging temperature became constant.
Table 3 shows the low-cycle fatigue testing conditions in sodium and in air.

The controlled mode used is the axial constant strain control, with a fully
reversed triangular waveform, a constant strain rate of 1x10"^ and zero mean
strain. The test temperatures are 450°C, 550°C and 650°C.
Displacement measured with an in-sodium fatigue testing machine includes

displacement of push-pull rod and a shoulder part of test specimen owing to the
structural limitation of the testing machine in sodium. In order to separate the
displacement of the parallel part of the test specimen only from the measured
displacement, the strain calibration test was conducted with use of fatigue test
specimen and calibration specimen.

3. Test Results

3.1. Cyclic Stress-Strain Behavior
The cyclic hardening behavior at 450°C, 550°C and 650°C in sodium and in air

was shown Fig. 5 to 10. From these figures,
(1) The cyclic hardening behavior is dependent on temperature and strain

range .
(2) At 650°C, the stress range shows a rapid initial increase (initial

cyclic hardening ) and it reaches steady stage. Then, in the higher strain
range, test specimen failured after slightly softening. In the lower strain
range, the stress range of steady state is maintained to specimen failure.

(3) At 450°C and 550°C, the initial cyclic hardening and steady stage are
observed . Especialy, the secondary cyclic hardening is observed in the
lower strain range. The hardening is observed more markedly in sodium
than in air.

3.2. Fatigue Life
Figures 11 through 13 show the relationships between the strain range and the

number of cycles to failure of the SUS304 stainless steel at 450°C, 550°C and
650°C in sodium and in air. The solid and dashed line in each figure are obtained
from the best fit curve in Eq. (1).

= cpNf-
kP + ceNf

ke (1)

The fatigue life of SUS304 stainless steel in sodium at 450°C, 550°C and 650°C
is greater than that in air except the higher strain range ( > 0.8 % ) at 650°C.
Especially, this trend prevails more remarkably as the total strain range decreases.
As the temperature is higher, the fatigue life in both environments is smaller and
the Nf sodium / Nf air ratio decreases as shown in Fig.14.

3.3. Microstructure and Fracture Surfaces
Figure 15 shows the cross-sectional microstructural observations of the specimen

after fatigue tests at 450°C, 550°C and 650°C. From this figure, it is shown that
(1) There is no difference in microstructure between in sodium and in air.
(2) While many surface cracks were observed on the specimens tested in air, a

few surface cracks were founded on those tested in sodium.
(3) These surface cracks were observed propagation at grain-boundary at 450°C
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to 650°C in air, and at 550°C ( at higher strain range ) and 450°C in sodium.
But, at 550°C (at lower strain range ) and 650°C in sodium, the crack
propagation mode were predominantly intergranular. It was observed that
these intergranular cracks on the specimen surface exchange to the
transgranular inward the specimen.

This trend of crack propagation behavior is clearly observed from the electron
microscopic fractographs. For example, Fig.15 shows the electron microscopic
fractographs of the specimen after fatigue tests at 650°C in sodium. The fracture
surface on the specimen tested in air shows predominantly striation pattern as
shown in Fig.16 a to d. On the other hand, intergranular facet was observed in
the vicinity of the specimen surface tested in sodium at 650°C and at the lower
strain range at 550°C as shown in Fig.16 e and f, and transgranular propagation
inside the specimen. The region of the intergranular facet is greater as the
strain range decreases at 650°C in sodium.

3.5. Results of Chemical Analysis
Figures 17 through 18 present the results of chemical analyses of exposed

specimen in sodium at 650°C. Figure 17 shows a profile of carbon content on the
specimen surface exposed in sodium. In comparison with as-received material, the
exposed specimen has a higher content of carbon on the specimen surface and is
carburized. Within several micrometers from the exposed surface, a considerable
reduction of chromium and nickel is seen.

4. Discussion of Results

4.1. Cyclic Stress-Strain Behavior
The secondary cyclic hardening was remarkably observed on the specimen tested

in sodium at 450°C and 550°C. On the other hand, in the fatigue tests in air,
this tendency was not observed because the test specimens were fractured before
occuring this behavior. Husslage, et al.l1) and Huthmann et al.vO report that
this secondary cyclic hardening occured at the low strain range.

The reason of the secondary cyclic hardening is not clearly understood. Husslage,
et al. reported that the secondary cyclic hardening was observed on as-received and
4000h exposed materials at 510°C following in-sodium fatigue tests at 550°C, but
was not observed on 4000h exposed material at 600°C following in-sodium tests at
550°C. We also found that the secondary cyclic hardening was restrained for 10000h
thermal aging material following fatigue tests at 500°C and 550°C in sodium^.
As dissolved carbon and nitrongen precipitated oneself into the carbide and nitride
in the matrix as the results of thermal aging, it is thought that the secondary
cyclic hardening could be caused by the interaction between mobile dislocation
and disolved carbon, nitrogen, or by the induced precipitation of those elements
to mobile dislocation. But, it is not evident why this hardening is markedly
observed at low strain range.

4.2. Effects of Sodium Environment on the Fatigue Life
The fatigue life in sodium is greater than that in air except the smaller life

at 650°C, and this trend is remarkable at lower strain range. It could be
considered as follows.

(1) The oxidation arised intensely on test specimen in air more than in sodium,
so the effect of oxidation on crack initiation and propagation severely
appeared in air.

(2) Figure 19 shows the relation between the number of cracks observed on
fatigue specimen surface and the fatigue life. From Fig.19, it is found that
the smaller the fatigue life is, the much the number of cracks are, and that
the number of cracks is fewer in sodium at smaller life than in air. This
results suggest that crack initiation could take place in air more easily



than in sodium. On the other hand, it could not be distinguished at greater
life between in air and in sodium. It is considered that as the crack
initiation control the fatigue life at greater life, total number of cracks
observed is few.

(3) The striation observed in-sodium tests was obscure, and similar to that
in vacuum for crack propagation rate test(^). This shows that the crack
propagation rate in sodium could be slower than in air.

Considering the environment and the creep fatigue effect on fatigue life,
following equation could be introduced by linear damage rule.

U/Nflair = (1/Nf)vacuum
 + (1/Nf)oxidation

 + (1/Nf)creep — in air

(1/Nf)sodium = (1/Nf)vaCuum
 + (1/Nf)sodium effect

 +(1/Nf)creep
— in sodium

Where (1/Nf) v a c c u m : pure fatigue damage per cycle
(1/Nf)creep : creep damage per cycle
U/NfJoxidation : oxidation effect per cycle
U/N)sodium effect : sodium effect per cycle

As (l/Nf)S0dium effect < (
1/Nf)oxidation

 was recognized by (1/N f) s o d i u m <
(l/Nf)ai-r, it could be explained that the variation of fatigue life at 450°C
between in sodium and in air was mainly dependent on oxidation effect, because
creep damage was nebligibly small, and that, at 650°C, increased creep damage
effect decreased relatively the environment effect. And creep fatigue effect
ratio per cycle, i.e., creep damage for fatigue life, was larger in sodium than
in air.
In this tests, intergranular facet were observed, at 650°C and for lower strain

range at 550°C in sodium. Husslage, et al. also observed intergranular facet only
in sodium tests, but not in air and in vacuum. They concluded that the sodium
effect caused the intergranular cracking. However, at high temperature fatigue,
it should be considered that intergranular cracking might be produced also by
creep fatigue effect. Above discussion suggests that also cracking was prcmoted
at 650°C in sodium more than in air. On the other hand, Yamaguchi, et al.w)
presented that those cracking was observed at higher strain range more than at
lower strain range. Their tendency for strain range is contrary to this results.
As it was anticipated that the sodium effect ratio per cycle became relatively
large at lower strain range, the tendency of intergranular cracking on strain
range in sodium should be studied further.

Finaly, Fig.20 shows the comparison between the fatigue life in sodium and fatigue
curves at 800°F, 1000°F and 1200°F from ASME Code Case N-47. In Fig.20, mean fatigue
curves were calculated using design curves, by 20 times for fatigue life, two times
for strain range. From Fig.20, it is recognized that the fatigue life at lower
strain range in sodium, which is important to design, are equal to or larger than
calculated mean values. Therefor, the design fatigue curves based upon in-air
tests could assure the margine to fatigue failure of components used in sodium.

5. Conclusion

In order to study the effects of sodium on the low-cycle fatigue properties of
SUS304 stainless steel, fatigue tests have been conducted with the oxygen content
of 2.4ppm ( cold trap temperature of 145°C ) in sodium at 450°C, 550°C and 650°C.
For comparison, fatigue tests in air have been conducted at the same temperatures.
The specimens were tested in a constant strain control mode using triangular
waveform with a strain rate of lxlO~3/sec
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The results obtained are summarized as follows.
(1) The fatigue life of SUS304 stainless steel in sodium at 450°C, 550°C and

650°C was greater than those in air at the same temperature except at higher
strain range ( > 0.8% ) at 650°C, and this difference has a tendency to
increase as the total strain range decreases. At the higher total strain
range at 650°C, there was no marked difference between both environments.

(2) As the temperature increased, the fatigue life in sodium and in air decreased,
and the Nfsodium/Nfair ratio also decreased.

(3) It was observed that the initiation and propagation of surface cracks oh
specimens tested in sodium at 450°C and 55O°C were predominantly transgranular.
Whereas, the mode of crack initiation and propagation were mainly intergranular
in sodium at 650°C.

(4) Microscopic examination of specimens tested in sodium and air at 450°C, 550°C
and 650°C revealed no difference in the microstructure, but few surface cracks
were observed on specimens tested in sodium than in those tested in air.

(5) Fractography of specimens tested in air at 450°C, 550°C and 650°C revealed
well-defined striations. But, in sodium, striations on specimens tested at
450°C and 550°C showed obscure configuration and it was difficult to find out,
whereas, at 650°C in sodium intergranular fracture was observed.

(6) The specimens tested in sodium have a greater fatigue life than those tested
in air because the latter are subjected to considerable oxidation, while the
former are free of such chemical action. Accordingly, it is concluded that
crack initiation and propagation are more likly to occur in air than in sodium.

(7) It was shown that the cycles to failure on SUS304 stainless steel at 450°C,
550°C and 650°C are greater than that of allowable cycles of the ASME N-47
fatigue design curve, and the design curve is conservative in sodium at 450°C
to 650°C on SUS304 stainless steel.
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Table 1 Chemical composition of SUS 304 stainless steel

Analysis

Product

Check

Content wt Z

C

0.072

0.070

SI

0.51

0.50

Mn
0.95

0.91

P

0.029

0.025

S

0.007

0.007

Nl

9.09

9.13

Cr

18.56

18.24

Co

0.20

0.20

Analysis

Product

Check

Content wt Z

Sn

0.002

0.003

Nb

0.004

0.03

T i

0.001

0.02

Cu

0.04

0.05

0

0.0092

0.0101

B

0.0003

0.002

N

0.015

0.017

As

0.002

0.002

Table 2 Tensile properties, Hardeness and Grain size

o£ SUS 304 stainless steel

Grain

Size

ASTM

N o . 4

Brlenel l

Hardness

(HB)

139 ~

141

Temp.

(*C)

R.T.

450

550

650

0.2Z yield

Strength

(kg/mn2)

21.2

12.0

12.35

10.4

Tensile

Tens.

Strength

(kg/mm2*

62.7

42.9

38.5

28.3

properties

Elong. afcet

Fracture

(Z)

71.4

47.3

45.4

57.3

Percent

deduction

In area

78.0

74.7

73.2

30.7

Elastic

Modulus

(kg/nna )

2.0 x 104

Heat Treatnmt : Annealed, 1050*C x 80min.. water quenched

M30.P = 1.5 M3O.P- 1.5

Fatigue specimen (Type A)

M30.P=l.5 M30.P= 1.5

Calibration specimen (Type B)

Fig. 1 Details of fatigue specimen and calibration

specimens (Type A and Type B)



»4

CD

Na outlet

Fig. 2 Facility for fatigue testing in sodium

Extensometer ILVDT)

Push-pull rod

Guide roller

Test Vessel

Test specimen

Thermocouple

No Inlet

Fig. 3 Schematic of test vessel and fatigue testing
machine in sodium.



Mother Loop
CF-11 CF-12

VT

CVN505

-oo -
-CSJ-
_c3b-

^
:—c
TV
VT
ET
ST
CT
P I

Valve (Manual slop valve).
Vfalve (Remote stop volve)

.Valve (Control valve)
"Eleclro-mogrwtlc (lew meter
Electro-magnetic Pump
Immersion heoler (sheath type)

.Test vessel
'Vapour trop
Etponsion lank
Sloroge tank
Cold trop
Plugging meter

Fig. 4 Flow shost of the corrosion fatigue testing loop

Table 3 Testing conditions ln air and sodium

lyyc U4 luauiug

Control

Loading waveform

Strain rate

Strain range

Frequency

Temperature

Sodium flow rate

Cold trap
temperature

In sodium

"nlaxlal push-pull

Constant strain
control

Triangular waveform

lxlO'^/sec '

O.4-V-2.18 X '

1.CH3.75 cpm

45O°C, 55O'C, 650°C

2 t/rain

145°C

In air

Uniaxial push-pull

Constant strain
control

Triangular waveform

1x10 -v/sec

0.35^2.12

1,(H4.3 cpm

450°C, 550°C, 65O*C
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Comparison of low cycle fatigue data for SUS 304 stainless steel tested in
air and sodium at 4 5 0 C
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(a) 6 5 0 °c in a i r

( A E T = 1.08 % , Nf= 980

(b) 6 5 0 -C in sodium

( A G T = 1.75% , Nf =281 )

F i g 15 M i c r o s c o p i c o b s e r v a t i o n of s p e c i m e n a l t e r f a t i g u e t e s t

a t 650°C i n a i r (a) . a n d i n s o d i u m (b ) , r e s p e c t i v e l y

( • I t r . i . k o i l j l n , 65O'C « l r

CO)
(b) Crack origin, 65O*C «Ir I fri'm llie Hpvclncn turface, (d) 4""" fro« the xpvclaen aurfac«,

(*) Crack origin, 6S0*C (f) Crack origin, biu'C sodiun

Electron nlcroscoptc fractographa of' * fracture surface for

and lodlun (ScT - 0.62Z, N{ - SWS) at bSO'C Arlou Indicate
crack propagation direction.
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