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ABSTRACT

Uniaxial creep-rupture data have been obtained

condicion and after exposure to a flowing sodium en-
vironment at temperatures of 700, 650, and 600°C. The
specimens were exposed to sodium for time periods be-
tween 120 and 5012 h to produce carbon penetration
depths of ~0.010, 0.020, and 0.038 cm in the steel.
The results showed that, as the depth of carbon pene-

tration and the average carbon concentration in the

ateel increase, the rupture life increases and the
minimum creep rate decreases. Creep correlations that
relate ruptur: life, minizum creep rate, and time-to-
tertiary creep have been developed for the steel in
both the solution-annealed and sodium-exposed condi-
tions. Tsochronous stress-creep strain curves and

results on the calculations of the stress levels for

| percent creep strain and long-term rupture life are

. also presented.

INTRODUCTION

The austenitic stainless steels used for the fuel

. cladding, in-core structural components, piping,

: valves, and intermediate heat exchanger in Licuid-
' metal Fast-breeder Reactors (LMFBRs) are subjected to

a flowing sodium environment at elevated temperatures,

" which can result in compositional and microstructural

changes as well as time dependent (creep) deformation
in the materials. In the case of out-of~core compo~
nents that have & deaign life of 20 to 30 y, the in~-
fluence of the sodium environment, namely the time-
and temperature-dependent migration of carbon and

nitrogen, on the mechanical behavior of the materials

Q) ’

Nonmetallic elements such as carbon and nitrogen’
migrate in sodium heat-transport systems as a result
of chemical activity differences. Transfer of these

elements occurs In monometallic austenitic stainless

must be considered.

steel syasteme with temperature gradientb as well as in
systems vhere combinations of materials of different
composition are used. The ASME Boiler and Pressure
Vessel Code Case 1592 for elevated-temperature

@)

nuclear~component design requires consideration '
J
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for Type 304 stainless steel in the solution-annealed
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of mechaniral-property changes that arise from compo~
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sitional variations in the materials, due to the sodium
:environment during the service life of a component.
;Extensive research 1s being conducted at Argonne
\National Laboratory to establish quantitatively the in-
.fluence of the sodium environment on the tensile,
'creep—rupture. eand low-cycle fatigue behavior of aus~
‘tenitic stainless steels.

Limited data are availabie for the creep~rupture
properties of austenitic stainless steels under car-
burizing conditions in liquid sodium. The creep-
rupture strength of Type 306(;;11n1ess steel in flowing

sodium at 650°C was reported to be the saze as that
in helium; however, the carburization in these experi-
nents wvas confined to a 50- to 75-um surface region of
‘the 0.15-cm~thick specimens for exposure times of

1000 h.
times were used, the alloys would have carburized

If thinner specimens or longer exposure

; throughout their entire cross section, and significant
!property changes, when compared with the tests in he-~
i lium, would have been observed. Furthermore, in these
Eexperiments the carbon concentrations in the sodium
were considerably higher than can reasonably be ax-
pected(a) in reactor heat~transport systems. Figure 1
shows the regions of carburizution and decarburization
for austenitic stainless steels with a nominal carbon
concentration of 0.06 wtZ. Presently, the carbon con-
centration in the primary sodium of the U.S. Experi-
mental Breeder Reactor 1T (EBR-II1) is in the range of
0.16-0.19 ppm. ¢3?
-less steels with an initial carbon content of .06 wtZ
:would almost be in thermodynamic equilibrium with a

' carbon concentration in modium of ~0.17 ppm at 625°C,
would tend to carburize at temperatures below 625°C.
and would decarburize above 625°C. The extent to

- which the steels can undergo carburization or decar-

Under such conditions, the stain-

I'burization upon exposure to a sodium environment can
;be calculated from the carbon activity-concentration
i relationships developed as a function of temperature
;for these steels( and the carbon solubility values
dn lodium.(7) Figure 2 shows the equilibrium carbon
;concentration values for Type 304 atainless steel cal-
! culated as a function of carbon concentration in sodium

at various teinperatures. The predictions based upon
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304 Stainless Steel as a Function of Car-

bon in Sodium and Temperature. i
these curves are that the steel in contact with pri- '
mary sodium in EBR-II would carburize to ~0.60 wtZ
carbon at 350°C and decarburize to +0.04 and ~0.02 wtz
at 650 and 700°C, respectively. The sodium-exposure
time required for the steel to attain these equilib-
rium carbon concentrations depends upon the diffusion?

coetficient for carbon 1n the steel nnd the thermal-
:-echnnicll history that influences the microstructure
of the materisl. A mathematical analysis has been
3developed(‘) to obtain carbon concentration-distance
;profilel as a function of time, temperature, and car-
bon concentration in sodium. Because of the relatively
iow operating temperatures and the large thickness of
the materials in structural components, carbon con-
‘centration profiles rather than a uniform equilibriua
carbon distribution «ill result in the streels during
the service life of the reactor. Thus, it is essen-
_till to obtain mechanical-property data on materialas
gwith specific carbon penetration depths and to corre-

!llte the property changes with the penetration depth
In

;lﬂd surface carbon concentration in the material.
ithe present paper, data are presented on the effect of
écltbutization on the creep behavior of Type 304 stain-
;ll.l steel for temperatures between 600 and 700°C.

EXPERIMENTAL PROCEDURE

The Type 304 atainless steel, identified as heat
972796, that is used extensively in breeder-reactor
; research programs, had the following chemical composi-
tion (in wtX): 0.046 C; 0.038 N; 17.7 Cr; 9.3 Ni:
1.17 Mn; 0.47 Si; 0.33 Mo; 0.20 Cu; 0.012 S; and
0.026 P. The steel was cold rolled to 0.0375-cm-thick
flat stock, solution annealed for 30 min in argon at
1025°C, and water quenched. The grain size of the
: material was 25 um. Unlaxial creep-rupture specimens
' were fabricated with a gauge length of 2.22 cm and a
width of 0.559 cm. The creep tests were conducted on
conventional constant-load creep-rupture machines in
an argon environment at temperatures of 600, 650, and
700°C over a rtress r;nze of 55 to 243 MPa (8 to 35
ksi). The creap strain in the specimens was measuved
by a linear-varicble-differential transducer, in which
4 cm could be accurately

displacements of 5 x 10
determined.

A schematic diagram of the sodium loop used for
the exposure of creep specimerns, to achieve the de-

sired depths of carbon penetration, is shown in Fig.
3. The loop, vhich was constructed of nickel, con-
sists of four specimen-exposure vessels, a carbon trap
for controlling carbon concentration in sodium, puri-
! fication svstem, diffusion-iype carbon meter, hyvdrogen
i meter, and electrochemical oxygen meters. The volume
i of sodium in the loop was 1100 liters, and the sodium

i
: flow rate was ~1.0 liter/min. The specimen-exposure

L vassels were connected in series and operated at 700

s

v e b 3071
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Fig. 3. Schematic of the Sodium Loop Lsed for Exposure of Mechanical Test Specimens.

650, 600, and 550°C. The sodium flowed successively
‘from the highest to the lowest temperature and sub-
‘seguently through the carbon trap prior to reentering
fthe 700°C vessel. The electrochemical oxygen meters,
jHith Cu/Cuzo and Nl/NlZO reference electrodes and
Th02-15 wtZ Y203 solid electrolyte tubes, were used to
monitor the oxygen concentration in sodium. The oxygen
concentration in sodium was <1 ppm for all experiments.
The carbon concentration in sodium was established by
equilibrating a high-purity Fe-18 wtZCr-8 wtZNi alloy
in sodium and using the reported(s) data on the dis-
tribution of carbon between this allov and sodium.

The carbon concentration in wodium was in the range

0.4-0.8 ppm for all experiments.

Creep specimens were exposed to flowing sodium at
temperatures of 600, 650, and 700°C for times between '

1120 and 3012 b to produce catbon penetration depths of

0,01, 0.02, and 0.0375 cm, which were calculated from
the mathematical analysis in Ref 4. The specimens were
subsequently used in creep-rupture tests in an arpon
environment to obtain the creep curves and creep-

rupture times.

KESULTS AND DISCUSSION

A schematic of a creep curve that is obtained from

a constant~load creep test is shown in Fig. 4. Strain

.values g snd €y and tiuvea cl and t2 were determined,

,respectively, from the beginning and end of the second-
'ary creep stage, At rupture, elongation L and rupture
time :r were determined. The minimum creep rate E'.

that is, the slope of the linear portion between t. and

1
tz, was also obtained from the creep-ruptnre curve.

The values for these creep parameters are tabulated

elsevhere®)

for specimens teated in the solution~

— -
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{;;;ain havé g;iiﬁé eloné?ted significantly in-the-A;iaI
‘W———SECOHD‘Rym ' !direction. It was observed that in Type 304 stainless
o1y ‘steel the carbide particles preferentially precipitate
at the grain boundaries and that the size of thc par-
iticles in the specimen with longer sodium exposure is
'larger, vhich indicates growth of these particles with
tive. The precipitate morphology in these specimens
should inhibit grain-boundary sliding and migration
during the testing period. The respective contributions

-
\
'
V

('-—

-

of grain elongation and relative grain movements to

4 TIME ‘2 b

Fig. 4. Schematic of a Creep Curve from a
Constant-load Creep Test.

the deformation, that were determined in these speci-
mens by evaluating the change in shape of internsl
grains and computing the intragranular deformatioa,

-
[amune 1.
Y
Ao

Elnnealed condition and after exposure to a flowing . :lhowed negligible contribution of grain-boundary

;uodiun environment. Figure 5 shows the variations in aliding to the creep strain in the siainless steel.(lo)

- Tupture life and minimum creep rate with applied . Exgmination of the fracture surfaces of annesled and

' stress at 700, 650, and 600°C for specimens in hoth . sodium-exposed specimens’ creep tested at different

. the annealed and sodium-exposed conditions. The sur- stress levels showed that the fractures are dimpled,
face carbon concentrations in the mechanical test which ia indicative of a ductile mode, and can be

., specimens were determined from combustion analyses of associated with the growth of internal voids or
S50~-um-thick foils of the same material equilibrated holes-‘lO)

in sodium during the specimen-exposure period. The
values obtained were V0.05 wtl at 700°C, 0.25 wtX at
650°C, and 0.30 wtZ at 600°C. The averape carbon
conceantrations in the sodium-exposed specimens ranged‘
from 0.043-0.046 wtX at 700°C, 0.078-0.195 wtX at
650°C, and 0.145-0.25 wtX at $00°C where the larger

CREEP-RUPTURE CORRELATIONS

To understand creep-rupture behavior more fully,
various correlations between rupture life and other
quantities determined from the creep curves were

values correspond to longer exposure times. In attempted. Relationships between rupture life tr and
general, the creep data show that, for the range of vinimum creep rate Em or time for onset of tertiary

carburization attained in the present investigation,
the exposure of the stainless steel to the sodium en-

" ereep tz are useful if they describe the ~reep behavior
of the material over a wide range of temperatures and
applied stresses. Furthermore, such relationships, 1if

: vironment results in an increase in rupture 1ife and
developed, can be used to evaluate the necessary creep

" & decrease in minimum creep rate when compared with

" the results for material in the solution-anneraled
condition. The carbon concentration in sodium ia
such that Type 304 stainless steel with an initial
carbon content of 0.046 wtX is almost in thermodynamic
equilibrium with the carbon in sodium at 700°C. As a
result, the creep behavior of specimens that were
exposed to sodium at 700°C was essentially the same
as that of specimens tested in solution-annealed
condition. At sodium-expcsure teuperatures of 650
and 600°C, the steel carburizes; the smount depends

ocuantities from standard stress-rupture tests. Current
elevated~-temperature design rules(Z) require not only
' & knowledge of rupture behavior but also information
on the time to the onset of tertiary creep and time to
reach a speclified strain. Tertiary creep is generally
. indicative of material cracking and void formation,
and therefore is metallurgically related to material
. damage. Also, tertiary creep results in material in-~

; siapility, since an increase in strain rate occurs

' with an increase in strain and strain concentrations

on the time of exposure. The creep tests results at s induced by creep are accelerated. As a result, a ;
- correlation between the rupture life and the time-to~

theee temperatures clearly show the Leneficial effect \
. tertiary creep will be useful to establish the onset

of carburization in the stress range of our invasti- b )
i ’ of instability in design studies. i ¢

gation.
The variation of t_ as a function of E- can be

The microstructures of the sodium-exposed speci- ' .
sens (in the axial direction) before and after creep , | vritten as - .
| _testing showed that the specimens with larger rupturs, ! t. - c(‘.) ({3 .

4
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Fig. 5. Variation of Time to Rupture and Minimum Creep Rate with Applied Stress at 700,
650, and 600°C. Solution annealed:¢), Carburization depths: 4 = 100 um, (] = 200 um,

and ¢ = 375 ym. Conversion factor: 1 ksi = 6.894 MPa.

where C and a are constants. Figure 6 shows a plot of
lntr versus ln::Ill for specimens tested in the solution~
annealed condition and after exposure to flowing sodium

1 J
TWE 304 S8 {HEAT S 9T2798)
ANNEALED
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Fig. 6. A Plot of Rupture Life versus Minimum
Creep Rate for Specimens in Solution-
annealed and Sodium-exposed Conditiona.

at 700, 650, and 600°C. 1n genersl, the results indi-
cate that, for a given rupture time, the ninimum creep

MHIMUM CREEP RATE (% /M)

o w0°

rate decreases as the amount of carburization increases.
The evaluations of constants C and o, for different
sets of dsta in Fig. 6, are given in Table I. The cor-
relations developed here are used to estimate the rup-
ture lives of specimens for tests terminated prior to
fracture. The calculated values, i.e., the solid svm-
bols in Fig. 5, are in excellent agreement with extrap-
olations based on data obtained at the higher atresses.

The time for the onset of tertiary creep can be
correlated with rupture lifz by the expression

t, - '(tr)s (2)
.where B and £ are constants. Figure 7 shows a plot of‘
;1"t2 versus lntr for specimens tested in the solution-
' snmealed condition and after exposure to flowing aodium
.at 700, 650, and 600°C. The constants B and B, evalu-
‘nud for different sets of data, are given in Table 1.
{ The results show that the time to initiation of ter-
!tilry creep 1s a fixed fraction of the time to rupture
¥for the annealed and carburized conditions in the tem~
:peutun range 600-700°C. The rate of coslescence of
{voids and g&wih 9{ ;r_nc}:_. hgl_u::;ng .tcrtiqry _c_ree_p_ghopld
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Table I. éreop COIQ;I;tlonl T
. -Q
tr - C(c-)
Treatment a [
Solution Annealed 0.99 22.16
Na Exposed at 650 and 700°C 0.95 22.45
Pl Exposed atr 600°C Q.79 17.90
- 8
o)
Treatrent g B
Solution Annealed 1.025 0.558 -
Na Exposed (All Tecweratures) 1.061 0.475
All Data 1.05 0.501
]
! . Y
! R |
Treatment - X B
Solution Annealed 0.987 1.072
Na Exposed at 650 and 700°C 0.972 1.079
Na Exposed at 600°C 0.918 1.075
e o n ]
€ Ala) !
Treatment Temperature, °C n A ;
Solution Annealed 700 5.60 1.53x107/
Solution Annealed 650 5.90  5.33x10-9
Solution Annealed 600 6.40 7.31x10-11
Ns Exposed 700 6.23  2.74x10-8
Ne Exposed 650 6.48  5.26x10-10
Ns Exposed 600 10.71  9.22x10-18
3
a I UTN
g bl Yl
[ OEPM (pn/
, ¢ o — -
! ! * w 700 00
l s 304 %0 200
! » s me 00 "
H ¢ m [, o
. . ne 0 100
| o m 0 s
! o ne o0 0
i e 1t Y L s & 7T e n
e, TME TO NSTURE N i

iig. 7. A Plot of Rupture Life versua Time-to-
tertiary Cresp for Specimens in Solution~
annealed and Sodium-exposed Conditioms.
!
!
be related to quantity B in Eq. (2). Since B is almost
unity, B = tzltr. From the values of B reported in
Table I for specimens in the solution-annealed condi-
tion end after exposure to sodium, it can be concluded
thet the void coalsscence rates in the carburized spe-

cimene are slower than in the annealed specimens.

The time to a specified strain limit (currently |

E;E—;E—ihﬁeféénf'totnl inelastic membrane strniﬁ) has

been analyzed by the use of isochronous stress-strain

.curves.(ll) This {nvolves analysis of individual ¢
strain-time curves from constant-load constant-tempera-
tute tests and development of analytical formsliams to
’delcribe the strain-time behavior. In the present
paper, the experimental strain-time curves were analyzed
lin terms of the creep eauation developed by Booker.(IZ)
The equation is a single rational polynomial and 1is

written as i

- -dpt .
€= 14 o +Et (3)

where ¢ ia the creep strain, d the intercept strain,
é‘ the minimum creep rate, and t the time. The param-
(tter p 1is related to the curvature of the primary por-

_:1on of the curve. The intercept d was evaluated by

'the expreasion

d= £, - &ty (4)

juhere € and t, are strain and time that correspond to
\the onset of tertiary. The parameter p was assigned a
tvalue of 69/:2 since this value resulted in a good
agreement between the experimental strain-time data for
Type 304 stainless sceel (heat 9T2796) and Booker's
analyaiu.(lz) Analytical expressions that relate the
minimum creep rate Em and applied stress ¢ were aleo
developed for temperatures of 700, 650, and 600°C from
‘the creep data generated in this program on specimens
‘in both the annealed and sodium-exposed conditions.

'The evpression can bhe written as

: & = A" )
"where A aud n are constants, the values of which are
also given in Table I.
The correlations given in Table I were used in

Ea. (3) to compute the strain-time curves and a com-
parison of the experimental data with the calculated
values for specimens in annealed and modium-exposed

' conditions was attempted. Figure 8 shows that the cal-
culated values are in good agreement with the experi-
"mental data generated on solution-annealed and sodium-~
iexponld specimens at 600 and 650°C. Generally the

{ agreement was good in the temperature range 600-2C0°C

y and stress range of 8 to 35 ksi. Fipure 9 shows the
' isochronous stress-creep strain curves that were gen-
- qrated at :enberatutel of 700, 650, and 600°C for
_annealsd and sodiun-exposed conditions. The results
. show that the carburizution of the steel in the sodium
'environnen: in the range of our investigation enhances

Lgbgﬁgreep—;ypture»ptqpertles of the materillt The

6

19 L2157 e B R

et it i PNy, R oy

T kS e o

i




INTERNATIONAL CONFERENCE CN LIQUID METAL TECHNOLOGY IN ENERGY PRODUCTION

e 5 L Sy g T L ' L § ¥ L B ¥ ' ¥ T L )
al o & -~
E o - g - =
«
Er 1E } i
: 82 0 650°C No EXPOSED 20ksi J & 2 0 600°C ANNEALED 25ksi .
- O 650°C ANNEALED 16 ksi o a 600°C No EXPOSED 25 ksi
S —— CALCULATED 1° = CALCULATED .
i 1 4 1 -
' 0 il | 1 1 1 1 0 PO N Y SUN U N N SN NN SO |
10 20 30 40 50 &0 0 100 150
' TIME (h} TIME (h)
Fig. 8. A Comparison of Experimental Creep Sirein-Time Curves with the Calculated Values.
-
H BN 7 L) 1) L]
12~ TYPE 304 S5 1 TYPE 30a SS 108, -~
€50°C &00°¢ P
~—-ANNEALED 10%n ~——ANNEALFD -~
T ' ' ] o Neexvosto 2 ¢ 201 "o Expostn_ -~ 4
TYPE 304 S5 Z 7 -~
700°C
———GNNEALED
@l ——No EXPOSED 4
__w—// so},—«‘
2 3 g
] -
£ 3 =
", o »
2 i i
1
L L
o i5 20 30 0 ° 70 20 3%

CHEEP STRAIN (%)

)
H

ditions. Conversion factor: 1 kei = 6.894 MPa.

!
i
'
'
i
!

beneficial effect is more pronounced at 600°C where the
waterial has undergone a larger degree of carburization

thsn at 650 and 700°C. :
}

Figure 10 shows the stress levels calculated for
1 percent strain limit in a specified time as a func~
tion of tempersture for the steel in the solution-
annesled and sodium-exposed conditions. Figure 11
shows the stress levels calculated for 10“ and 105 h
rupture strengths as a function of temperature.

SUMMARY

Uniaxial creep-rupture data have been obtained
L£or_Type 304 atainlass stsel in tha solution-arnealed.

CREEP STRAIN (%)

CREEP STRAIN (%)

4
Fig. 9. Isochromous Stress-Creep Strain Curves for Specimens in Solution-annealed and Sodium-exposed Con-

.and sodium-exposed conditions in the temperature range
600-700°C. The creep behavior of the steel carburized
in sodium containing 0.4-0.8 ppm carbon, whicn repre-
sents an upper level for the carbon concentration in

' the sodium of an LMFER heat-transport system, indicates

that an increase in rupture life and a decrease in

minimum creep rate will occur in thia temperature

Creep correlacfons hsve bsen developed which

renge.
aid in the evaluation of creep quantities, auch as

minimum creep rate and time-to-tertiary creep, from
standard stress-rupture tests. Isochronous stress-

creep strain curves were gfenerated for the oteei in

~ et s =

. both the solution-annealed and sodium-exposed
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Fig. 10. A Plot of Stress Values to Pro-
duce 1 Percent Creep Strain as a
Function of Temperature for Solution-
annealed and Sodium~-exposed Condi-
tions. Converaion factor:

1 ksl = 6.894 MPa.
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Fig. 11. A Plot of Stress Values for
105 and 109 & Rupture Strengths as a
Function of Temperature for Solution-
snnealed and Sodium-exposed Condi-
tions. Conversion factor:
1 ksi = 6.894 HPa,
conditions, with the use of a single polynomial creep
equation. Results on the calculations of the stress
levals for 1 percent creep strain and for long-term

rupture life ace also presented.
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