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'ABSTRACT

I Fatigue tests in sodium were conducted to Investi-

gate the influence of e high-temperature sodium environ-

ment on the low-cycle fatigue behavior of Types 304

'and 316 stainless steel. The effects of testing in a

sodium environment as well as long-term sodium exposure

were investigated. The fatigue tests were conducted

at 600 and 700*C in sodium of controlled purity, viz.,

>1 ppm oxygen and 0.4 ppm carbon, at a strain rate of

4 x lO"3*"1. The fatigue life of annealed Type 316

stainless steel is substantially greater in sodium

than when tested in air; however, the fatigue life of

annealed Type 304 stainless steel is altered ouch less

when tested in sodium. A 1512-h preexposure to sodium

had no significant effect on the fatigue life of

Type 316 stainless steel tested in sodium. However, a

similar exposure substantially increased the fatigue

life of Type 304 stainless steal in sodium.

INTRODUCTION

The austenltlc stainless steels are of interest

as containment and structural materials in the Liquid-

Metal Fast-Breeder Reactor (LMFBR). For these appli-

cations, mu-.h of the stainless steel in contact with

•odlua at elevated temperatures will be subjected to a

variety of stress conditions that can limit its per-

formance. Although extensive fatigue data in support

: of the LMFBR program have been obtained in air at room

and elevated temperaturesv , little data exista for

the effects of the sodium environment on the fatigue

behavior of austenitlc stainless steels. ;
t

It has been shown that the testing environment can

have • significant effect on the elevated-temperature

fatigue life and fatigue-crack propagation rate of

certain m a t e r i a l s " . Typically these data have

been obtained from tests In air, argon, or vacuum, and

the enhanced crack-growth rates of specimens tasted

In oxidizing environments have bean attributed to

"wedging" caused by oxides that formed at tha crack

tip. The oxygen potential in reactor sodium is much

lower than the oxygen potentials of other typical east

[environments and no oxides will form on stainless steel

'in sodium. Therefore, enhanced crack-growth rates

caused by an oxide "wedging" effect are not expected

for stainless steel tested in a sodium environment.

However, carbon is known to migrate in atainless steel-

sodium heat-transport systems as a result at chemical

activity gradients produced by both temperature and

compositional differences. Data in the literature in-

indicate that the mechanical properties of austenltic

stainleaa steels are strongly dependent on the carbon

concentration . The problem is further compli-

cated since, under most conditions, carbon concentration

gradients will be established in the stainless steel

during the lifetime of the components. Crack initiation

and propagation in the material may be Influenced by

the sodium environment as well as the carburization and

thermal aging that occur during long-tern exposure of

the steels.

The purpose of the present investigation is to

determine the effects of a high-temperature sodium

environment on the low-cycle fatigue behavior of AISI

Types 304 and 316 stainless steel under conditions

pertinent to LMFBR applications. Data obtained at one

strain rate under slightly carburizing conditions are

presented.

1XPERIMENTAL PROCEDURE

The facilities for fatigue teating In sodium (FFTS),

which consist of 20-kip MIS closed-loop servo-controlled

hydraullcally-aetueted fatigue machines with associated

isodium loops, have been described previously . The

' reelrculating sodium loops provide a well-characterized

' sodium environment for fatigue tasting at temperatures

to 750*C. The specimens are Inserted into the fatigue
1 fixture, which la then lowered into the sodium test

'vessel at the selected temperature. The sodium is

continuously circulated during this period to maintain

i the desired sodium purity.

i i I
The specimen stress is determined by a fatlgue-

; rated load call attached to the actuator. Since direct

measurement of the specimen strain In the sodium en-
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jvironaerit"Was not considered feasible, the tests were

I conducted In a »trok«-coatrol aode by aeans of a stan-

dard reslstlvc-type extensoaeter located on the upper

(portion of the fixture in an ambient temperature region.

I The extcnsoattcr aeasurca the SUB of the elongation in

;th« fixture, the speciaen gauge section, and the transi-

,'elon region of the speciaen. Hourglass specimens with

:Identical geometry, except for the gauge section, were

|used as a reference to determine the amount of elonga-

jtion in the fixture and the transition region of the

specimens as a function of load at each test Ceapcra-

jture. The measured displacement obtained with an hour-

<glass speciaen was subtracted froa the measured dis-

' placement of a test specimen under Identical loading

conditions to determine the atraln in the gauge section

of tlie test specimens. The fatigue tests were conducted

j at a strain rate of 4 x 10"3s"1 with a fully-reversed

triangular waveform and a sero meaa strain.

The coapositions of the Types 304 and 316 stain-

less steel, identified as heats 9T2796 and V87210, are

given in Table I. The fatigue test specimens with a

0.S08-cm-dia by 1.27-ca-gauge length were fabricated

froa 1.6-ca-dla rods that had been solution annealed

for 30 min in argon at 1025*C and water quenched.

These sample* are referred to hereafter as the annealed

condition. A number of these specimens have been ex-

posed to redrculating sodium at temperatures of 600

and 700*0 for periods of 1512 and 5012 h in a sodium

exposure loop, which has been described previously

The oxygen concentration in sodium during these ex-

posures was 1.0 ppa and the carbon concentration in

sodiua was maintained at 0.4 ppm. The carbon concentra-

tions In the two steels were not altered significantly

j by the exposures at 700*C since the initial carbon

! levels were alaost in equilibrium vith sodium contain-

j ing t4.4 ppa carbon. After the lS12-h exposure at

600*C, the carbon profile In the Types 304 and 316

stalnlcna steel varied froa 0.3 and 0.4 wtS, respecr

tlvely, at the surface to the Initial concentration in

the steels at a depth of 0.01 cm. The 5012-h exposures

•t 600*C produced • profile depth of 0.02 ca.

RESULTS AND DISCUSSION

The low-cycle fstigue data on Types 316 and 304

stainless steel in sodiua are Hated In Tables II and

III. Values far the total atraln range 4E , plastic

'able II. Low-Cycle Fatigue D«c» on Type 316 Stainless
Steel Obtained in a Sodiua Environment.

.(14)

Spec-
imen
Ho.

C-67
C-74
C-57
C-59
C-52
C-54
C-55
C-56
0-63
C-72
C-34
C-33
C-35
C-36
C-37
C-38

C-71
C-69
C-68
C-73
C-25
C-27
C-26
C-30

Matl.
Cond-
ition*

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2

1
1
1
1
4
4
4
4

Temp.,

•c
600
II

II

II

fl

tl

•t
II

II

11

•1

•1

11

fl

ft

II

700
it

it

ii

ii

ii

II

II

4e

(%)

1.65
1.50
1.10
1.10
1.08
1.S8
1.06
0.77
0.76
0.69
1.61
1.16
1.11
0.88
0.81
0.75

1.36
0.94
0.81
0.77
1.42
0.89
0.72
0.70

(X)

1.11
0.91
0.63
0.60
0.61
0.59
0.60
0.37
0.36
0.31
1.17
0.76
0.69
0.52
0,44
0.38

0.94
0.59
0.46
0.40
1.09
0.62
0.43
0.46

(MPa)

686
676
599
599
601
602
605
512
509
471
579
546
523
464
436
422
464
437
424
398
459
420
398
418

Hf

Cycles

1.017
1,674
7,738
6.411
8,232
7,826
6,678

26,917
27,115
57,170
1,279
4,843
6,087
17,603
36,250
43,247

1,835
5,777
13,690
23,065
1,353
7,122
19,898
12,166

t

aln

172
248
648
S38
699
665
579

1561
1571
2927
168
408
510
1021
2102
2212

237
482
911
1363
175
556
994
727

'Conditions: (1) Solution annealed,
•odium, and (4) 1512 h in 700*C.

(2) 1512 h in 600*C

strain range Ae , cyclic stress range at half the fati-

gue life &Oj» , fatigue life H£, and time to failure

tf arc listed for the materials in the annealed and

sodium exposed ("V1500 and ̂ 5000 h at 600*C and i<15C0 h

at 700*C) conditions. The relationship between total

and plastic strain range and the fatigue life of anneal-

ed Types 316 and 304 atainless steels in sodiua at

6U0*C is shown in Figs. 1 and 2, respectively. The

dsshed curves in both figures represent comparative

data obtained in air for the two steels* • • ' . For

Type 316 stainless steel at 600*C, the ratio of fatigue

life in sodiua to that in air increases by factors of

Table I, Compositions of Austenitic Stainless Steels

Material

Type 304

Type 316

Heat

9T2796

V87210

C

0.046

O.OSS

N

0.038

0.007

P

0.026

0.026

S

0.012 .

0.011

Concentration, wtZ

Cr Hi

17.7 9.3

16.7 13.9

Hn

1.17

1.43

SI

0.47

0.46

0

2

Ha

.33

.84

0

0

Tl

.03

.04

0

0

Cu

.02

.06

0

0

Co

.10
i

.03
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I5
Table III. Low-Cycle Futlgu* Data on Type 304 Stain-

less Steel Obtained In a Sodium Environment.

Spue- Matl.
laaa Cond-
Ho. ition*

Temp., 4e, At floVn »,

*C (X) (I) (MP«) Cycles mln

A-61
jA-93
A-65
A-63
!A-96
"A-71
A-92
!A-91
A-77
A-73
:A-7O
A-104
A-10
A-14
A-08
A-09
A-15
A-80
A-79
A-84
A-81
A-83

A-74
A-106
A-105
A-97
A-66
A-61
A-85
A-87

1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
1
1
1
1
4
4
4
4

600

700

1
1
1
1
1
0
0
0
0
0
0,
0
1,
1.
1,
1,
0.
i.
1.
1.
0.
0.

1.
1.
0.
0.
1.
0.
0.
0.

.86

.48

.38

.33

.05

.95

.82

.80

.72

.70

.52

.46

.67

.36
,24
.01
.6?
.48
.28
.02
85
55
72
02
91
52
16
99
65
53

1.43
1.02
0.83
0.82
0.59
0.56
0.49
0.43
0.44
0.38
0.23
0.15
1.19
0.93
0.73
0.S5
0.38
0.99
0.85
0.60
0.47
0.23

1.34
0.68
0.52
0.24
0.81
0.62
0.36
0.24

602
597
495
515
544
481
497
468
513
433
353
407
595
535
471
460
411
517
505
477
454
392
463
430
406
377
410
379
384
355

418
524

1,275
1,152
1,975
1,950
4,293
7,066
2,563
5,856
30,628
25,783

545
2,402
3,649
8,015
31,036

996
1,441
4,819
7,644

31,309

368
1,321
2,024
13,282
1,303
3,463
6,533
21,123

71
85
109
98
202
123
363
605
220
349
1306
1320
74
246
312
678
1422
118
120
403
522
1555

47
136
171
773
119
343
380
1054

'Conditions: (1) Solution annealed,
sodium, (3) 5012 h in 600*0 sodium,
700*C sodium.

(2) 1512 h in 600*C
and (4) 1512 h in

2 to 6 as the total strain range decreases from 1.5 to

0.7%, which indicates the environmental effect is more

pronounced at the longer lifetimes. These observations

are in qualitative agreement with elevated temperature

crack-growth behavior of stainless steel in sodium and

i air'10\ However, the fatigue life of annealed Type

, 304 stainless steel it. sodium at 600*C is essentially

! the eaae as that in air for total strain ranges from
t

I 0.5 to 1.0% and somewhat less than that in air at
higher strain ranges (Fig. 2). Although no explanation

for the difference in the environmental effect on the

two steels can be given nt this time, the mlcrostruc-

tura and fracture surfaces are being analyzed in an

attempt to rationalise this behavior. j

Figures 3 and 4 show the effect of temperature on

the fatigue life of the two steels tested In sodiua. ;

The fatigue life at 600*C is t<50Z greater than that at

700*C for both materials, which is similar to the j
i

temperature dependence In an air environment.
The effect of long-term sodium ..exposure on the ;

AIM W E S» STJUMLCSS STEEL
SOLUTION ANMCAU0 t'4*tOT*S-<

CMMNW tOOWH
O0O05NM

e a act »m
• e O.S • » *

At.

10*

Fig. 1.

cra.es TO FAILURE

Plot of Total and Plastic Strain Ranges Versus
Cycles to Failure for Type 316 Stainless Steel
Tested in Sodium and Air at 600*C.

to-

es-

O2-

•NNUU0 TYK 304 STMUSS STEEL
•00% « > * > " 1

T ^ \

i !

CVCUS TO FU.UK

Fig. 2. Plot of Total and Plastic Strain Ranges Versus
Cycles to Failure for Type 304 Stainless Steel
Testeii Xu Sodiua and Air at 600*C.

fatigue life of the two steels is shown in Figs. 5

through 8. The fatigue life of Type 316 stainless

steel, in Figs. 5 and 7, was not altered significantly

by the 1512-h exposure at either 600 or 700*C for the

strain ranges investigated. Since the 700*C exposure

did not result in carburlzation or decarburization of

the material, the specimens were essentially subjected

to thermal aging. Cheng et tl. ' reported that aging

of Type 316 stainless steel had little affect on
1 fatigue life in air at 630*C, which nay explain the

jresults in Fig. 6. Carburixation of the surface of

' the steel during the 600*C sodiua exposure did not :

! Influence the life significantly; however, small in-

: creeaes in the plastic strain were observed for the

j preexposed specimens. j

In contrast to the results for Type 316 stainless

! steel, preexposure to sodium ln;reased the fatigue life
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: ANNEALED TYPE 316 STAN.ESS STEEL TESTED N SODUM
««4»K>"J$"1

0««00%
a • root

as -

CYCLES TO FAILURE

T
- AWEALED TYPE 304 STANLESS STEEL TESTED N SOOUM

« * 600"C

O 3 I04

CYCLES TO FAILURE

'Fig. 3. Fatigue Data Obtained on Annealed Type 316
Scalnless Steel Tested In Sodium at 600 and
700*C.

Fig. 4. Fatigue Data Obtained on Annealed Type 304
Stainless Steel Tested in Sodium at 600 and
700»C.

H

TYPE 316 STAINLESS STEEL IN SOCWJM
6OO*C « .4« IO- 5 S- '

O • SOLUTION ANNEALED
a • IStili IN SOOIUM (0.4 p»m CARBON)

K)5
t ' ' t I t . 11

CYCLES TO FAILURE
105

Fig. S. Fatigue Data Obtained in Sodium at 600*C on
Type 316 Stainless Steel in the Ax.nealed and
Sodium-exposed Conditions.

~l 1—II I I ITT *i—i—i i mi l "
TYPE 304 STAWLESS STEEL N SOOHJM

600t t • 4 i O'3 S"1

2 z

0.1

ANNEALED

o • PREEXP0SE0-6l2h
O.a)— 0 • PKEEXPOSE0-50Cf>

.-i_.L I I I I1_L_

CYCLES TO FAILURE

Fig. 6. Fatigue Data Obtained in Sodium at SOO'C on
Type 304 Stainless Steel In the Annealed and
Sodium-exposed Conditions.

os-

—I—I I I I Ml 1 1—I I I I I l| 1 r—

TYPE 316 STAINLESS STEEL IN SWUM
TOOt O 4 « K ) - ' s - l

A a SOLUTION ANNEALEO
« « 1512 h IN SOCXUM (0.4 ppm CARBON]

10* n 4

CYCLES TO FAILURE

K g . 7, Fatlgut Data Obtained In Sodium at 700*C on
Type 316 StalnleM Stcil in the Annealed and
Sodlum-cxpottd Conditions.

1 0 -

• 0.!

0.2-

- i 1—i 1 I I i i | 1 — i — i i i i l l ] 1 1—i i i 11

TYPE 3 0 4 STAINLESS STEEL

o • ANNEALEO

• • PREEXPOSED-I5£h

i l l t i i i i 1 1 i l

CYCLES TO FALURE

Fig. 8. Fatigue Data Obtained in Sodluii at 700*C on
Type 304 Stainless Steel in thv Annealed and
Sodium-exposed Conditions.
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•of Type 304 stainless steel at both 600 and 700*C steel were only slightly lower than In the anneaied

(Figs. 6 and 8, respectively). As in the previous case, material. Apparently substantial aglog occurs at 700*C

the 700*C exposure was primarily an aging process since during exposure to sodium for the thermal equilibration

the carbon concentration in the material remained con- period just before fatigue testing. This conclusion

•tant. The modest increase in lifetime produced by Is also supported by the much lower strain-hardening

exposure at 700*C, i.e., 30 to 50%, is in agreement exponent for the annealed material, i.e., 0.15 at 700*C

with the effect of aging' reported for Type 304 stainless in comparison with a value of 0.31 at hOO'C. Sodium-

steel
(1.2)

The 1512-h sodium exposure at 600*C In-

creeled the fatigue life of Type 304 stainless steel by

factors of 2 and 4 for total strain ranges of 1.4 and

0.7Z, respectively, This increase is substantially

greater than the 50Z increase in fatigue lifetime for

aged material tested in air . Therefore, much of

the increase can be attributed to the surface carburi-

zation of the material. The Type 304 stainless steel

was also exposed to sodium for 5012 h at 600°C before

testing in sodium. As indicated in Fig. 7, the fatigue

lifetime decreases with an Increase in the exposure

time. This may be related to the greater depth of

carburlzation that occurred during the longer exposure.

The cyclic stress-strain response of the two

steels is shown in Figs. 9 and 10. The cyclic stresses

for the annealed materials in iodium at 600*C are in

agreement with the stresses obtained in air tests at

the same temperature. In contrast to the data of Weeks

et al.'2) for Type 316 stainless steel aged for 1000 h

at 565*C and tested in air at this temperature, con-

siderable softening of the Type 316 stainless steel

occurred during the 1512-h exposure to sodium. At

700*C the stresses in preexposed Type 316 stainless

1000
900
800
TOO

eoo
SO0 —

i i r •
TYPE 316 STAINLESS STEEL

I f

o ANNEALEO-AIR TEST
• a ANNEALED-SODIUM TEST
* A PREEXPOSED (I5BM-SODIUM TEST

(00<
0.1 0,2 a s 0.4

A« p/2 1%)

I . I
0.6 O.8 1.0

Fig. 9. Cyclic Stress-strain Response for Type 316
Stainless Steel Testid In Sodium at 600 and
700*C in the Annealed and Sodium-exposed
Conditions.

exposed Type 304 stainless steel exhibited less soften-

ing than Type 316 stainless ateel at 600'C, and only a

slight reduction in the cyclic stress occcurred in

both materials after the 1512-h sodium exposure at 700*C.

SUMMARY

Types 304 and 316 stainless steel exhibit differ-

ent low-cycle fatigue behavior in a sodium environment.

At a total strain range of ^1Z and a strain rate of

4 x 10 s" , the fatigue life of annealed Type 316

stainless steel at 600°C was a factor of four greater

in sodium than in air. Under similar conditions the

fatigue life of annealed Type 304 stainless steel

tested in sodium did not differ significantly from the

reported lifetime in air. The fatigue lifetimes in

sodium for both steels at 600°C were ^50% greater than

their respective lifetimes at 700*C; similar to results

obtained in an air environment. The fatigue lifetime of

Type 316 SS tested in sodium was not influenced signifi-

cantly by a 1512-h exposure to sodium at either tempera-

ture; however, a substantial increase in fatigue life

of Type 304 stainless steel was produced by a 1512-h

exposure to sodium at 600*C. A modest increase in

fatigue life of Type 304 stainless steel resulted from

1000

900

BOO

700

600

SCO-

'S 400 —

i
4

200

I I I • I '
TYPE 304 STAINLESS STEEL

o ANNEALED-AM TEST
• O ANNEALEO- SODIUM TEST
» » PREEXPOSEO (I512h»- SODIUM TEST

600* - 5 0 I

BO

70

30

2G

O.I

Fig. 10. Cyclic Stress-strain Response for Type 304
Stainless Steel Tested in Sodium at 600 and
700*C in the Annealed ana Sodlua-exposed
Conditions,



MTERNATtONAL CONFERENCE ON LIQUID METAL TECHNOLOGY IN ENERGY PRODUCTION

.the 700*C exposure. Lover cyclic stresses ware ob-

served for both steels after the 600*C sodium exposure.

The 700*C aodiua exposure htd almost no effect on the

cyclic stress response. An increase in die exposure

.tlse of Type 304 stainless steel to sodium from 14500

to 5000 h at 600*C reduced fatigue life. \
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