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ABSTRACT

Fatigue tests in sodium were conducted to 1nveat1-:
glte the influence of a high-temperature sodium environ-
-ent on tha lw-cycle fatigue behavior of Typea 304
flnd 316 stainless steel. The =ffects of testing in a
‘sodium environmant as well as long-term sodium exposure
were investigated. The fatigue teats were conducted
‘at 600 and 700°C in sodium of controlled purity, viz.,
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a1l ppm oxygen and 0.4 ppm carbon, at a strain rate of

4 x 103", The fatigue 1ife of annealed Type 316
stainless steel is substantially greater in sodiun
than when tested in air; however, the fatigue life of
annealed Tyve 304 stainless stesl is altered much less
when tested in sodium. A.1512-h preexposure to sodium
had no significant effect on the fatigue life of

Type 315 steinless steel tested in sodium, However, s
similar exposure substantially increased the fatigue

life of Type 304 stainless stezl in sodium.

INTRODGCTION

The austenitic stainleas steels arc 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
"sodium st elevated temperatures will be subjected to a
"wvariety of stress conditions that can limit its per-

: formance,

Although extensive fatigue data in support
of the LMFBR progran have been obtained in air at room
and elavated :nmpeutu:en(l"'). little data exists for
the effects of the sodium environment on the fatigue

behavior of austenitic stainless ateels. :
i

It has been shown that the testing environment can
have a significant effect on the elevated-temperature
fatigue 1ife and fatigue-crack propagation rate of
certain matertals "%, ypically these data have
been obtained from tests in air, argon, or vacuum, and
tha enhanced crack=growth rates of specimans tested
in oxidizing environments have been attributed to
“wedging" caused by oxides thet formed at the crack
tip. The oxygen potential in reactor sodium is much

lowver than the oxygen potentials of other typical test
i
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nvironments and no oxidea 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 environmant.
Howaver, carbon is known to migrate in stainless steel~
sodium heat-transport systems ay a result of chemical
activity gradients produced by both temperature and
compositionel differences. Data in the literature in-
indicate that the mechanical propsrties of austenitic
stainless steels are strongly dependent on the carbon
concentn:ion(u-u). The problem is further compli-
cated since, under most conditions, carbon concentration
gradients will be estabiished in the stainless steel
during the lifetime of the components. Crack initiation
and propagation in the materiel may be influenced by
the scdium environment as well as the carburization and
thermal aging that occur during long-term exposure of

the steels,

The purpose of the present investization ie to
determine the effects of a high-temperature sodiua
environment on the low-~cycle fatigue behavior of AISI
Types 304 and 316 stainless steel under conditions
pertinent to LMFBR applications. Data obtained et one
strain rate under slightly carburizing conditioas are

presented,
EXPERIMENTAL PROCEDURE

The facilitiee for fatigue teating in sodium (FFIS),
which consist of 20-kip MIS closed-loop servo-controlled
hydraulically-actusted fatigue machines with associated
i agdium loops, have been described pteviouly(u The
recirculating aodium loopt provide a well-characterized
‘scdium environment for fatigue testing at tempsratures
"to 750°C. The specimens are inserted into the fatigue
tfixtuu. which is then lowered into the sodium test
| vessel at the selected fe-p.nwu. The sodium is
" continuously circulated during thia period to maintain
fthn desired eodium purity. |
: The spscimen stress ie determined by a fatigue~ !
,;tltld load cell attached to the actuator. Since direct
!nnunmnt of the specimen strzin in the sodium en-
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lvizonncnt Hl.l not considered feasible, the tests were
,conducud 17 a strokewcontrol mode by means of a stan-
‘dard resistive-type extensometer located on the upper
! portion of the fixture in an ambient terperature region.
E'!In extensomater measures the sum of the elongation in
gtho fixture, the apecimen gauge section, and the treusi-
,ftion region of the specimen. Hourglass apecimens with
;id-ntiul geonetry, except for the gauge section, were
gund as a referance to determine the amount of elonga-
ftion in the fixtura and the transition region of the
lpcciunl as a function of lcad at sach test tempera-
tuu. The measured diaplacement obtained with an hour-~
f;lul specimen was subtracted from the measured dis-
?pllcn.nt of a tast apecimen under identical loading
conditions to determine the etrain in the gauge section
The fatigua tests were conducted
=351 uith o fully-reversed

.of the teet specimens.
‘lt a strain rate of 4 x 10
triangular wvaveform and a zero mean atrain.

) The compositions of the Typee 304 and 316 gtain-
leas stael, identifiad as heats 9727956 and V87210, sre
givan in Table I. The fatigue test specimens with a
0.508-cm-dia by 1.27-cm-gauge length were fabricated
from 1,6-cm-dia rods that had been scilution annsaled
for 30 min in argon at 1025°C and water quenched.
These samples are veferred to hereafter as the annealed
condition. A number of these specimens have been ex-
_posed to recirculating sodium at temparatures of 600
and 700°C for periods of 1512 and 5012 h in a sodium
exposure 1oop, which has been described prevtoualyu“.
The oxygen concentration in eodium during thess ex-
posures was 1.0 ppm and the carbon concentration in
sodium wvas maintained at 0.4 ppm. The carbon concentra-
tions in the two steels were not altered significantly
by the exposures at 700°C eince the initial carbon
levels were alwost in equilibrium with aodfum contain-
ing ~0.4 ppm carbon, After the 1512-h exposure at
600°C, the carbon profile in the Typee 304 and 316
stainlere steel varied from 0.3 and 0,4 wtX, respec-
tively, at the aurface to the initial concentration in
the steels at a depth of 0,01 cm. The 5012-h exposures
at 600°C produced a profile dapth of 0,02 cm, i

RESULTS aND DISCUSSION

The low-cycle fatigue data on Types 316 and 304
stainless steel in sodium are liated in Tables 1I and

111, Values for the total utrein range Act, plastic
“able 1I. Low~Cycle Fatigue Dats on Type 3i6 Steinlese
Steel Obtained in a Sodivm Environment.

Spec= Matl, Temp., Ac Ae_ Ao, .} t

imen Conde t P g £ £ .
" No. 4tion* °C 1) () (MPa) Cycles =min
C-67 1 600 1.65 1.11 686 1,017 172
74 1 " 1.50 0.91 676 1,874 248
c~57 1 " 1.10 0,63 599 7,738 648
c-39 1 o 1,10 0.60 599 6,411 538
c-52 1 " 1.08 0.61 601 8,232 699
Cc-54 1 " 1.08 0.59 602 7,826 665
=55 1 " 1.06 0.60 605 6,878 579
Cc-56 1 " 0.77 0,37 512 26,917 1561
c~-63 1 " 0.76 0,36 509 27,115 1571
c-72 1 " 0.69 0,31 471 57,170 2927
Cc~34 2 " 1.61 1.17 579 1,279 168
c~33 2 " 1.16 0.76 546 4,843 408
c-35 2 " 1.11 0,69 523 6,087 S10
c-36 2 " 0.88 0.52 464 17,603 1021
c~37 2 " 0.81 0.44 436 36,250 2102
c~38 2 " 0.75 0,38 422 43,247 2212
c-71 1 700 1.36 0,94 464 1,835 237
c~69 1 " 0.94 0.59 437 5,777 482
c-68 1 " 0.81 0,46 424 13,690 911
c-73 1 v 0.77 0.40 398 23,065 1363
c~-25 4 " 1.42 1.09 459 1,353 175
c~-27 4 " 0.89 0,62 420 7,122 556
c-26 4 " 0.72 0.43 2398 19,898 994
c-30 4 " 0.70 0.46 418 12,166 727

Compoanitions of Austanitic Stainless Steels

*Conditions: (1) Solution annealed, (2) 1512 h in 600°C

sodium, and (4) 1512 h in 700°C,

strain range Ar.p. cyclic stress range at half the fati-
gue life AU&N s fatigue life Nf. and time to failure

ty are lieted for the materials in the annealed and
sodium exposed (1500 and ~5000 h at 600°C and 415C0 h
et 700°C) conditions. The relationship between total
and plastic strain range and the fatigue life of urneal-
ed Types 316 and 304 atainless steele in scdium at
6U0°C ia shown in Figs. 1 and 2, respectively, The
dashed curves in both figures reprement comparative
data obtained iu air for the two stuh( ‘3"\'6). For
Type 316 stainless steel at 600°C, the ratio ol fatigue

‘lifn in scdium to that in air increasee by factore of

Table I,
Metarial Heat _ ' Comcentration, wt%
C N P 5 Cr ¥ Hn si Mo 11 Cu Co
Type 304 972796 0.046 0,038 0,026 0,012 . 17.7 9.3 1.17 0.47 0,33 0,03 0,02 9.10
Typa 316 V87210 0,058  0.007 0,026 o.o'n 16.7 13.9 1.43  0.45 2.8 0,04 0,06 o.os‘

-——— L,
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[Table 11, ‘Low-Cycle Fetigue Data on Type 304 Stain-
lese Steel Cbtained in a Sodium Environment,

]
]

Spuce tl. Temp. :
,L:n :n:- mp. , Att Acp Au_,’ut Nf tf !
i Bo. ition* °C (%) (X)) (MPe) Cycles wmin -
| A=61 1 600 1,86 1.43 602 418 7
493 1 Y148 1,02 597 524 85
A-65 1 " 1.38 0.83 495 1,275 105
A-63 1 " 1.33 0,82 515 1,152 98
'A=96 1 " 1.05 0,59 544 1,975 202
1A=71 1 " 0.95 0.56 481 1,950 123
1 A=92 1 " 0.82 0.49 497 4,293 363
{A-91 1 " 0.80 9.43 468 7,066 605
[A=77 1 " 0,72 0.4 513 2,563 220
.A~73 1 " 0.70 0.38 433 5,856 349
1A=70 1 " 0.52 0.23 353 30,628 1306
A-104 1 " 0,46 0.15 407 25,783 1320
-A-~10 2 " 1.67 1.19 595 545 74
A-14 2 " 1.36 0.33 535 2,402 246
"A~08 2 " 1,24 0,73 471 3,649 312
A~09 2 " 1.01 0,55 460 8,015 678
A~15 2 " Q.62 0.38 411 31,036 1422
A-80 3 " 1.48 0.99 517 996 118
A~79 3 " 1.28 0.85 505 1,441 120
A-B4 3 " 1.02 0.60 477 4,819 403
A-B1 3 " Q.85 0,47 454 7,644 522
A-83 K] " 0.55 0.23 392 31,309 1555
A=74 1 700 1.72 1,34 463 368 47
A-106 1 " 1,02 0.68 430 1,321 136
A~105 i " 0.91 0.52 406 2,024 171
A~97 1 " 0.52 0.24 377 13,282 773
A-6E 4 " 1,16 0.81 410 1,303 119
A-61 4 " 0.99 0.62 379 3,463 343
A-85 4 " Q.65 0.36 384 6,533 380
A-87 4 " 0.53 0.24 355 21,123 1054

*Conditions: (1) Solution anmnealed, (2) 1512 h i 600°C
sodiun, (3) 5012 h in 600°C sodium, and (4) 1512 h in
700°C sodium.

2 to 6 as the total strain range decreases from 1.5 to
0.7%, vhich 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

a0) However, the fatigue 1ife of annealed Type

| alr
;306 stainless steel ic sodium at 600°C is essentially

;‘ the same as that in air for total strain ranges from
0,5 to 1.0% and somewhat less than that in air at
higher strain canges (Fig. 2). Although no explanation
for the difference in the environmental effect on the
two steels cen be given at this time, the microstruc-
turs and fracture surfaces are being analyzed in an
attempt to rationalize this behavior.

FPigurss 3 and 4 show the effect of temperaturs on
the fatigue 1ife of ths tup stesls tested in sodium, ;
The fatigue life at 600°C is V50X greater than that nt:
700°C for both materials, which is similar to the i
temperature dependence in an air enviroument, :

_The effect of loug-term sodium exposure on the :

3

s
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Fig. 2.

fatigue 1ife 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
Since the 700°C exposure

strain ranges investigated.
'did not result in carburization or decarburization of
the muterial, the specimens were essentially subjected
_to thermal aging. Cheng et al.(n reported that aging
of Type 316 stainless steel had little effect on
;fntiguc 1ifs in air at 650°C, which may explain the
results in Fig. 6. Carburization of the surface of

! the steel during the 600°C sodium cxposuie did not
sinflucnce the 1life sigoificantly; however, small in-

. creases in the plastic strain were observed for the
jpruxpoud specimens.

:: In contrast to the results for Type 316 ctainless
! steel, preexposure to sodium insreased the fatigue life

& PO -
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ﬁ&f‘ripé 304 stainless steel at both 600 and 700°C
:(Figl. 6 and 8, respectively). As in the previous case,
the 700°C exposure was primarily an aging process siace
‘the carbon concentraticn in the material remained con-
fltlnt. The modest increase in lifetime produced by
exposure at 700°C, i,e., 30 to 50%, is in agreement
'with the effect of aging reported for Type 304 stainless
slteel(l'z). The 1512-h sodium exposure at 600°C in-
‘cressed the Fatigue life of Type 304 stainless steel by
factors of 2 and 4 for total strain ranges of 1.4 aund
0.72, respectively, This increase is substantially
greater than the 50X increase in fatigue lifetime for
aged material tested in air(l‘z). 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 expasure
time. This may be related to the greater depth of

carburization 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 annesled materials in sodium 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 ‘1_(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

! T T R BELEE L
:::L_. TYPE 36 STAWLESS STEEL
2001— © ANNEALED-AR TEST

90 ANNEALED-S0DIUM TEST
600 &5 PREEXPOSED (1512h)- SODIUM TEST 00
500 —

: § 400(— 2
3 €00 50 :.
5 300 o 5
<4 N <

700%

200~ 50
! |
|

uxJ . 1 ‘___1__J._J.-
[+ 1] 0.2 03 04 06 08 10

A"/z %) E

Fig. 9. Cyclic Stress~strain Response for Type 116

Stainless Steel Tested in Sodium at 600 and
700°C in the Annealed and Sodium-exposed
Conditions.

i

steel were only slightly lower than in the anneaied
material. Apparently substantial aging occurs at 700°C
during exposure to sodium for the thermal equilibraction
period just before fatigue testing. This conclusion

is also supported by the much lower strain-hardening
exponent for tke annealed material, i.e., 0.15 at 700°C
in comparison with & value of 0,31 at /#00°C, Sodium-
exposed Type 304 stailaless steel exhihited less soften-
ing than Type 316 stainless steel at 600°C, and only a
slight reduction in the cyclic stress occcurred in

both materials after the 1512-h sodium exposu:e at 700°C.
SUMMARY

Types 304 and 316 stainless steel exhibit differ-
ent low-cycle fatigue behavior in & sodium environment.
At a total strain range of "1%Z and a strain rate of
4 x 10-35-1l 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
similar to results

fatigue lifetime of

their respective lifetimes at 700°C;

obtained in an air environment. The

Type 316 SS tested in sodium was not

influenced signifi-

cantly by a 1512-h exposure to sodium at either tempera-
ture; however, a substantlal 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

fatipue life of Type 304 stainless steel resulted from

IOOG r [ ' L2 ' T r L
909 TYPE 304 STANLESS STEEL
800— 0 ANNEALED-AR TEST
00— RO ANNEALED - SODIUM TEST
600}— aa PREEXPOSED (I512h)- SODUM TEST
$00{—
e
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S i
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o) 0.2 03 0.4 06 08 1.0
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Pig. 10, Cyclic Stress-strain Response for Type 304

Stainless Steel Tested in Sodium at 600 and
700°C 1in the Annealed anu Sodium-exposed
____Conditious,
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{GEFOO"C exposure. Lower cyclic stresses were ob-
served for both steels after the 600°C sodium exposure,

Tim
!

cyclic stress responsa.

700°C sodium exposure hud almost no effect on the

An increase in the exposure

‘time of Type 304 stainless steel to sodium from 1500

.to 5000 h at 600°C reduced fatigue life.

2.
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4.

5.

6.
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