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The Influence of L O M Oxygen and Contaminated Sodium Environments on the Fatigue
Behavior of Solution Treated AISI 316 Stainless Steel
P. Marshall, CEG8, BNl, Berkeley, Great Britain

SYNOPSIS The influence of air and sodium environments on the fatigue properties of solution treated
AISI 316 steel was studied by predictive methods and by conducting tests in air, in high temperature
sodium, or following pre-exposure to sodium.

The sodium environments studied included contaminated sodium or the products of sodium/water flames
possibly typical of fast reactor fault conditions, and tow oxygen sodium more appropriate to normal
plant operation. Generally, fatigue properties were reduced by contaminated sodium or the products
of sodium/water flames and improved by low oxygen sodium when compared with similar tests conducted in
air. However, complex effects were observed with respect to crack initiation.

The experimental results are discussed and generally follow trends predicted by physically based
fatigue models.
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INTRODUCTION

1. Fatigue damage in fast reactor structures may
arise from sodium coolant temperature changes and
vibration. The fatigue behaviour of candidate
structural materials is generally fairly well
characterised in air, but it is known that envi-
ronment can influence mechanical properties (Refs.
1,2) and some consideration of the effects of
sodium coolant is required. The mode of environ-
mental influence on fatigue is dependent on
several parameters which include environment and
component composition, frequency of cycling,
temperature rnd loading conditions (Refs.2-5).
With respect to a low (%5-tO ppm) oxygen sodium
environment, the oxygen partial pressure is equi-
valent to a vacuum of M0~ l < 0 attn. (Refs. 6,7)
which promotes fatigue property improvement com-
pared with simitar tests in nir (Refs.8-11). On
the other hand, reductions in fatigue properties
may occur due to mechanical property changes
following carbon transfer in the steel sodium
circuits as a result of sodium carbon chemical
activity changes (Refs.8,12-14) produced by tem-
perature and composition differences. Corrosion
fatigue may also arise from exposure of components
to high oxygen sodium or the products of sodium/
water flames (Ref.15), information on this indi-
cating upper limits to the contamination to be
permitted under fault conditions.

2. In this paper, the influence of sodium on the
fatigue properties of solution treated AISI 316
steel is predicted using crack growth theory and
determined experimentally by conducting tests in
sodium or on thin strips pre-expose^ to sodium.
The range of sodium compositions studied included
extreme compositions not typical of normal plant
operation where extensive corrosion, carburisa-
tion or decarburisation of' the steel occurred.
An important feature of the test programme was
the length of time (^10,000 h) and low stress
intensity (̂ 3 MN.m"3'2) for some of the tests
because of the general trend of increasing envi-
ronmental sensitivity with decreasing values of
stress intensity. All tests were conducted under

load control at zero minimum stress at ^600°C.

3. This work is complementary to that of Priiidle,
Walker and Wiltshire (this Conference) and in
addition examines the interaction of sodium
chemistry with fatigue processes.

4. The report is not intended as a final state-
ment on the influence of sodium environment on
fatigue of stainless steel but is part of a con-
tinuing programme of work, the ultimate aim of
which is to relate quantitatively the nature of a
sodium environment to the mechanical properties
of sodium exposed steels.

5. Further in-sodium testing is continuing and
results will be reported when available on the
metallography of specimens currently tested, on
the influence of thermal ageing, on fatigue pro-
perties under strain control, and on thicker
section material. This additional work is required
to permit the extrapolation of the results to
thicker section components where less severe con-
ditions of exposure and mechanical loading are
anticipated.

Notation

C,n

da/dN

r,
f(a/w)

k,B

crack length, initial and final
crack lengths (mm)

activity coefficient for carbon
in sodium

constants in crack growth relation-
ship da/dN - CAKn

crack growth rate

diffusion coefficient for oxygen
and effective carbon diffusion
coefficient in stainless steel
(ernes'1)

Young's modulus (MN.m~?)

specimen correction factor

material constants in relationship
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K.flK.K ,K stress intensity, stress intensity
max c r a ng G ( maximum stress intensity,

plane strain fracture toughness
3/2

N,N.,N, cycles, cycles to crack initiation,
cycles to failure

r plastic zone radius (mm)

t,t ,t_ time, time for one fatigue cycle,
time for carbon to move through
plastic zone

e,tf,e strain, true and engineering
strains at fracture

o,flo,o ,a stress, stress range, ultimate
U y tensile strength and yield stress

(HN.nf2)
PROPOSED MODE OF ENVIRONMENTAL INTERACTION WITH
FATIGUE

6. Without environmental influence, the fatigue
crack grows only from mechanical interactions,
but in oxidising or carburising environments,
modification of the crack initiation and growth
process occurs.

7, Basically three situations are considered.
First, dealing with crack propagation, in a high
temperature environment, the observation (Ref.16)
that grain boundary oxide penetration occurred
ahead of the crack front and was followed by sub-
sequent cracking along the grain boundaries,
suggested that the fatigue process could be
modelled by oxygen diffusing ahead of the fatigue
crack tip. The observation of oxygen diffusion
is supported by the occurrence of grain boundary
oxygen complex (or chromite) in stainless steels
pre-exposed to very high oxygen sodium (Ref.17).
At the peak cycle stress, the weakened interface
between the boundary penetrated by oxide ruptures.
Thus total crack growth per cycle is a summation
of oxide penetration and mechanical growth.
Although the cracking mechanism may involve
several processes, including film rupture (Refs.
2,16), this simple model indicates one possible
method of quantifying the process.

ft. Jn the situation where a fatigue crack is
growing in a carburising or decarburising sodium
environment, the assumption is made that, as the
fatigue crack grows, the small plastic zone is
continuously changed by the sodium environment.
The diffusivity of interstitial carbon suggests
the crack tip plastic zone to be more appropriate
to consider in this situation than in the former
where near surface boundaries are penetrated by
oxygen. Thus during each fatigue cycle, crack
propagation occurs in the zone previously carbu-
rised or decarburised by the sodium. Crack
propagation in this situation is predicted from a
crack growth model utilising appropriate mecha-
nical properties of the carburised or decarbu-
rised crack tip.

9. Secondly, in endurance specimens (of lower
section), long-terra pre-exposure to carburising
or decarburising sodium influences the mechanical
properties throughout the specimen cross-section.
For this s ituat ion, endurance is predicted by
integration of a crack growth model utilising
appropriate mechanical properties of the specimen.

10. Thirdly, specimens pre-exposed for rela-
tively short times to heavily carburising sodium,
produce surface embrittlement. Specimens pre-
exposeti to high oxygen sodium or the products of
sodium/water flames produce surface intcrgranular

embrittlemtnt. On subsequent fatigue loading,
these layers crack open producing an increased
defect size. The proposal is thus similar to
the situation for near surface dissolved oxygen.
The subsequent endurance is predicted by integ-
ration of the appropriate fatigue crack growth
model utilising the increased surface defect.

General Considerations

11. For many steels, crack growth rate can be
expressed as a function of the stress intensity
range by the relationship:

da/dN - CAKn - CAon(ita)n/2f(a/w)n (I)

Assuming the fatigue process is basically crack
propagation, endurance is

: da
ao

12. To simplify the endurance calculations, it
was assumed that f(a/w) remained independent of
'a' over a series of small crack increments.
Total endurance was obtained by a simple summa-
tion of the incremental endurances.

Influence of Oxidation

13. The total crack growth rate is assumed to
arise from mechanical growth and oxygen penetra-
tion. Thus,

da da
dN.(total) ""(mech) (oxide penetration)

- C&Kn • 2 . 2 / D ^ (3)

Thus, by integration, endurance is

1 'ao C4K" + 2 .2 /D o t D

(4)

14. Corrosion may also increase the initial
defect size to a length dependent on the environ-
ment composition and exposure time. Subsequent
endurance of pre-exposed specimens is given by
equation (2) using the appropriate initial
defect size.

Influence of Carburisation or Decarburisation

15. Physically based fatigue models (Refs.18-27),
summarised in Table I, demonstrate that C (from
equation I) is an explicit function of mechanical
properties, hence

C - f(o u, Ve f.E) .

Several of the fatigue models show

C « (Eouef)"
2 .

The abcve expression has also been used to
correlate fatigue endurance with mechanical
properties of 4340 steel in several heat treat-
ment conditions (Ref.28). Furthermore, by making
assumptions about KIc (Ref.29) other models from
Table 1 approximate to the same expression. This
expression was used to calculate C; thus, endu-
rance from equation (2) is

a n / 2f(a/w) n
(5)

The time for a diffusing species such as carbon
to move through the crack tip plastic zone is
determined from diffusion data and the relation-
ship for plane strain plastic zone size (Ref.3O).
Thus,

2.2 (6)

(7)

EXPERIMENTAL

16. Experimental procedure is briefly dis-
cussed, as detailed descriptions are reported
elsewhere (Ref.ll).

Materials and Specimens

17. Waisted AISI 316 strips of cross-section
0.76mm x 3.3mm were stamped from rolled sheet.
Compact tension specimens were machined from
0.318cm thick plates. The chemical analysis of
the materials used is given in Table 2. All
specimens were solution treated at 1100°C for lh
and cooled rapidly.

18. The thickness of compact tension specimens
together with cyclic action ensures access of
carbon to the crack tip in experiments involving
carburising or decarburising sodium (Ref.3l).

19. Plate specimens were encapsulated in welded
AISI 316 stainless steel containers with flexible
bellows attachments (Fig. 1). Crack propagation
capsules were also utilised as pre-exposure con-
tainers for strip specimens.

Sodium Compositions

20. Capsules were filled with singly distilled
sodium provided by the UKAEA. In all experi-
ments, capsule cold traps were adjusted to give
oxygen levels of ̂ 10 ppm obtained as outlined
below.

21* Low oxygen sodium. Single distilled sodium
was added to the capsules.

22. Low oxygen low carbon activity sodium (ac

Q.1). Sodium was added to capsules which con-
tained 2|CrlMo steel in the fully aged condition.
Charnock. Cordwell, Gwyther and Hobdell (Ref.32)
have previously shown this system produces steady
state carbon activities (ac "v 0.1).
23• Low oxygen decarburising sodium. Sodium was
added to capsules which contained titanium metal.
Hooper et al. (Ref.17) have shown extensive
decarburisation of stainless steel in similar

Table I
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Model Mechanical Properties in C

Kraft (Ref.18)

McEvily and
Johnston

McClintock (Ref.2O)

(Ref.21)

(Ref.22)

(Ref.23)

(Ref.24)

Weertman

Tomkins

Jurevics

Heald and
Lindley

Purushothamen- , ._.
and Tleu

Antolovich,
Saxena and (Ref.26)
Chanani

Schwalbe (Ref.27)

(ESK,,. 2^-'

[E(oy • ou)c

(E o u tf)"
2

(o,,k)-2

(E oy

(E oy

Table 2

Chemical analysis of AISI 316 stainless steels

C Mn Si S Hi Cr Mo Ti

S 0.04 2.13 0.36 0.024 0.04 10.4 19.9 3.0 <0.OS

P 0.05 1.69 0.49 0.014 0.025 10.0 18.0 2.35 <0.05

S - Strip. P - Plate

systems. Analysis of strip specimens used in the
present tests gave carbon contents of <0.0lX.

24. Low oxygen extensively carburising sodium
(ac ^ ! ) • Sodium was added to capsules which
contained carburlsed iron. In similar systems,
Charnock et al. (Ref.14) measured carbon activi-
ties (ac * I). Analysis of the surface carbon
content of specimens used in the present tests
following pre-exposure gave values of 0.8 to 1.6
w/o (weight per cent).

25. High oxygen sodium. Sodium oxide was added
to capsules prior to sodium filling. Calculated
initial levels of oxygen were ^600 ppm in sodium
(Ref.17).

Pre-exposure of Specimens to the Products of
Sodium/Water Flames ~"

26. Strip specimens were pre-exposed to the
periphery of burning sodium/water flames to
induce surface defects. A detailed description
of the procedure is given elsewhere (Ref.15).

Fatigue Conditions and Procedure

27. All fatigue tests were conducted on servo-
hydraulic machines operated under load control
with a sinusoidal cycle wave form and zero mini-
mum load. Tests were conducted in air at 30°C
and 600°C and in sodium at 600°C. Pre-exposed



specimens were cycled in nir at 30°C or in helium
gas at ^600 C. Test frequency wan generally 10
or 3.3xlO~2Hz, but limited tests were conducted
in sodium at 2. 77XIO"I'1IK (Ih dwell) and 2.77xlO~5

Hz (lOh dwell).

Measurement of Fatigue Damage

28. Fatigue endurance measurements on thin
strips in heIium were relatively straightforward.
The specimen was cycled in small capsules until
failure. For fatigue crack propagation measure-
men ts in air or sodinm» a simpIe technique was
used, similar to that developed by James and
Knee lit (Ref. 9). This involved marking the speci-
men surface as the fatigue crack grew. Groups of
low and high load cycles wore alternately applied
to the specimen, thus producing textured fracture
zones of 1ight and dark legions on the specimen
fracture face. Fatigue crack growth rates were
then estimated by dividing the zone length by the
number of cycles to produce it. Stress intensi-
ties for given crack growth rates were calculated
from appropriate crack lengths using the rela-
tionship for edge cracked plates given by Brown
and Srawley (Ref.33).

RESULTS

29. Fig. 2 gives the crack growth rates deter-
mined experimentally for solution treated AtSI
316 steel at temperatures of 30°C and 600°C in
air and at 600°C in the following low oxygen
sodium euvironment s: heavily carburising (acM.),
neutral to carbon transfer and heavily decarburi-
sing.* The values of constants C and n (equation
1) determined for each experimental curve are
given in TablP 3. These values were used in the
endurance calculations outlined below.

30. Fig. 2 also shows crack growth rates pre-
dicted from equation (3) for tests conducted in
air using in-sodium growth rates on low oxygen
non-carburising sodium as base line data (equi-
valent to tests in inert gas or vacuumt see Dis-
cussion). The Do value used in equation (3) was
that reported by Lloyd and Martin (Ref.34) for
the diffusion coefficient of oxygen following
internal oxidation of nickel in atmospheric air.

31. The predicted fatigue crack growth rates
for heavily carhutised or decarburised stainless
steels from equation (5) is also given in Fig. 2.
The mechanical properties of the carburised (or
decarburised) zones were obtained as follows.
For carburising sodium (ac ^ 1)> near surface
carbon concentrations were determined in this
investigation and reported elsewhere tc be >1 w/o
carbon (Refs.35,36). For decarburiaing sodium,
near surface carbon concentrations of zero have
been determined (Ref,17). High temperature mech-
anical properties of AISI 316 steel as a function
of C content are given in Rcfs.(37,38). Informa-
tion from these tests was used in the calculation
of fatigue crack growth for the carburising or
decarburising sodium. Table 4 gives details of
the specific information used in all calculations.

32. Fig. 3 gives endurance results for as-
received and pre-exposed solution treated AISI
316 strips tested at %600°C in helium at a fre-
quency of lOHz. The endurances predicted from
equation (2) are also shown for specimens exposed
to low oxygen sodium (equivalent to inert gas.

Crack growth experiments are under way in
sodium with ac % 0.1.

Table 3

Values of n iand C

Test condition

20°C i

400°C

600°C

600°C

600°C

600°C

»ir

air

sodium

air

sodium

sodium

(low

for

°?>

(ac •>. 1)

(ac ". 0)

fatigue crack

n

5

4

5

4

3

3

growth results

2

3

3

3

3

C*

x 10-15

x 1 0 " "

x 1 0 " "

10" <2

x 1 0 " "

x 1 0 " "

MN.m units

Table 4

Mechanical property information used in the calcu-
lation of fatigue crack growth rates and endurance

Initial defect ao (Ref.22) - 10 urn

Final crack length
= specimen width

Specimen correction factor
f(a/w) (Ref.33)

600°C mechanical properties (Ref

AISI 316 steel
(C -v O.OSZ)

AISI 316 steel
(C ? U )

AISI 316 steel
(C * OX)*

For all conditions, E was calculated from the
expression o - O.OOtE.

Property values by extrapolation

see Discussion), together with carburising or de-
carburising sodium. Table 3 gives appropriate C
and n values and Table 4 gives details of specific
information used in the calculations.

33. Fig. 4 gives the room temperature endurance
results for strips in as-received condition and
following pre-exposure to high oxygen sodium, high
carbon activity sodium (surface carburisation only)
and the products of sodium water flames as repor-
ted in earlier work (Refs.17,14,15). Predicted
endurances from equation (2) are given for as-

-

(Refs

*
y
t

U

y *
f

u

y

t

3.3 mm
1.99 - 0.41(a/w)

+ 18.7(a/u)2

- 38.48<a/w)3

+ 53.85(a/w)1*

.37,38):

90 MN.m-2

1.0

386 - 463 MN.m"2

300 MN.m"2

0.03

400 HN.m"2

47 MN.m"2

1.5

150 MN.tif2

received strips and strips containing surface
defects of 25* 100 and ISO (im. These defects
correspond to depths of chemical attack measured
by metallography following pre-exposure to high
oxygen sodium, the products of sodium/water
flames and heavy carburising (ac *v 1) sodium
respectively. For the latter situation, a car-
burised surface case was shown previously to
rupture on loading at high stresses (Ref.14) and
la considered here as a surface defect.

DISCUSSION

34. The limited data and predictions are dis-
cussed under three headings, namely, crack propa-
gation, endurance of strips, and endurance of
defective strips (i.e. pre-exposed to introduce
surface chemical attack).

Crack Propagation

35. Figs. 5 and 6 reproduce crack propagation
results from Fig. 2, together with scatter bands
which enclose data reported for AISI 316 steel
tested in air at room temperature (Refs.39-49), at
-v600°C in air (Refs.41,46,47,49,50), inert gas
(Ref.46), vacuum (Ref.3) and in sodium environ-
ments (Ref.9). When discussing the limited
results, particularly for in-sodium fatigue
experiments, where test conditions, materials
and specimen form are different, care is needed
when identifying experimental trends. However,
on the available evidence (excluding the present
tests on carburised or decarburised steel), the
present and previously reported data generally
show good agreement. This suggests, in agreement
with previous work (Refs.3,9), that when fatigue
experiments are conducted in low oxygen partial
pressure environments like sodium, vacuum or
inert gas, frequency and material differences
reported for air are removed in these environ-
ments. Thus, neglecting any stress rate effects,
the present and previously reported results (Refs.
3,9) obtained for low oxygen sodium (where the
calculated oxygen activity is MO"1*0 atm. (Refs.
6,7)) fall within scatter bands for high tempera-
ture tests conducted in inert environments (Ref.
46), in vacuum (Refs.3,16) and room temperature
air (Refa.39-49) (Fig. 5). Previous work has
also shown a low dependence of frequency in the
range (7xlO~5 to 9.8xlO~2Hz) on fatigue endurance
for stainless steels (and other alloys) when
tested in high vacuum at temperatures of >"600°C
(Ref.16). Thus, the surprising observation of
zero frequency dependence for tests conducted at
600°C in low oxygen sodium (Fig. 2) at 10, 3.3x
10"2, 2.77xlO-t4 (Ih dwell) and 2.77xlO~"5 (10h
dwell) must be explained by the absence of oxida-
tion. Although considerable creep deformation
occurred in the specimens, there was no evidence
of enhanced cracking. A similar conclusion has
been reached for the differences in fatigue crack
growth rates measured at ^65O°C on annealed AISI
316 steel in air and inert gas (Ref.66), These
observations are also supported by preliminary
work of James and Borisch (Ref.51), who reported
that pre-cracked specimens of annealed AISI 304
and 316 steel did not exhibit crack extension in
a sodium environment above stress intensity
values expected to produce crack growth in air.
This highlights the important role of oxygen in
the crack growth process and the so-called
*creep/fatigue* interaction. The importance of
environment on the creep/fatigue process has been
reported previously (Refs.52,53), where removal
of air considerably enhanced endurance.

36. Unfortunately, the effect of oxidation on
fatigue crack growth rate Is not adequately pre-
dicted by equation (3) (see Fig. 2). However,
assuming stress enhanced grain boundary oxida-
tion, the occurrence of which la reported at
fatigue crack tips In elevated temperature testt
(Refs.2,16), then the diffusion enhancement
necessary to correlate predicted and experimental
curves requires a reduction in the activation
energy for oxygen diffusion from 70kcal to 46
kcal per mole. This reduction in activation
energy Is reasonable on the basis of grain boun-
dary diffusion enhancement theories (Ref.54). If
the assumption about the mode of oxygen influence
on fatigue crack growth rate is correct, then
equation (4) forms the basis of a quantitative
model for predicting the Influence of air envi-
ronment on 'frequency* and the 'creep/fatigue*
processes. However, after making the assumption
about grain boundary diffusion of oxygen. It must
be remembered that oxidation can promote complex
fatigue effects (Refs.2,1,16) Including life
enhancement under low levels of applied stress or
strain (Ref.55). Also, the diffusion coefficient
for oxygen was obtained, by extrapolation from
much higher temperatures than 60O°C, and finally
the coefficient for oxygen was obtained in nickel,
not stainless steel.

37. A further complication Is that self welding
of crack-like defects can occur in stainless
steel immersed in high temperature sodium (Ref.
56), and hence data obtained at high temperatures
in low oxygen sodium (or vacuum), where self
welding may occur, could be unrepresentative of
true base line data.

38. Regarding the crack growth curve for heavily
carburising (ac ^ 1) and decarburising sodiums in
Fig. 2, equation (5) gives a reasonable predic-
tion of the experimentally determined growth
rates, particularly at the lower stress Intensity
ranges.

39. Bearing in mind the limitations of data
(Refs.37,38) and the fact that the mechanical
properties of decarburised AISI 316 eteel was
obtained by extrapolation of existing data to
zero carbon contents (Table 4), the predicted and
experimental curves show reasonable agreement,
particularly for experimental results determined
at low values of stress intensity. Mote that the
fatigue crack growth curve for decarburised steel
is predicted to be slower for a given stress
Intensity than the heavily carburised material,
which seems reasonable considering the severe
embrietlement of the carburised steel (Ref.14).
However, evidence will be reported later (Ref.57)
which highlights the acceleration of embrlttle-
tnent when carbon la removed from grain boundaries.

40. The discrepancy between predicted equation
(5) and measured slopes for decarburisation and
carburisation tests probably arises because at
high stress intensities there is Insufficient
time for theSpenetratlon (or removal) of carbon
atoms In the plastic cone. Thus, crack growth
rate is lower than predicted. To illustrate this
point, for arbitrary stress intensities of 10 and
100 MN.m""3'2, the plastic zone sizes calculated
from equation (6) are 1.6x10" *tnm and 1.6mm res-
pectively. The time for carbon atoms to pene-
trate these zones (equation 6) using lattice
diffusion data for carbon In stainless steel
(Ref.58) Is ^3xlO2 h and 3xlO6 h respectively.
The time for carbon atoms to penetrate the plus-
tic zone Is expected to be less than that pre-
dicted, because the carbon diffusion coefficient



referred to lattice diffusion, whereas the coeffi-
cient for grain boundary diffusion would be more
appropriate. Secondly, work hardening in the
plastic zone would increase the zone yield stress
(and possibly increase diffusion). However,
based on the available values for material con-
stants and considering a stress intensity of 10
MN.m"3'2, the carbon penetration per cycle at
3.3xlO~2Hz is ^O.5X of the predicted plastic zone
at 600°C. The fatigue crack growth (experimen-
tally) is 16X of the predicted carbon penetration
per cycle. For stress intensities of 3 MN.m"3'2,
time for penetration of the plastic zone (equa-
tion 7) ia ^2.5h. This suggests that at low
values of stress intensity (̂ 3 MN.m' 3' 2), fatigue
crack growth rate could be increased for tests at
lower frequencies in carburising or decarburising
sod iums.

41. Thus, the decreasing slope change (i.e.
lower n values) or reduction in endurance usually
observed in long-term tests conducted in aggres-
sive environments (Refs.3,16) must be a function
of the time required for diffusion to occur in
crack tip plastic zones. The implication is
that, in appropriate sodium compositions, infre-
quently cycled cracks will develop carburised (or
decarburised) zones which subsequently induce
large crack growth rates when cycled at high
stress intensities. In this situation, however,
carburlsatlon of the crack tip region may be
inhibited by static sodium in the cracked region
(Ref.31) by blockage of the cracks due to chro-
mite formation or by self welding of the crack
region (Reg.56).

42. Finally, with respect to Fig. 2, fatigue
crack growth rates in carburising or decarburis-
ing sodiums at low stress intensities are about
two orders of magnitude greater than crack growth
rates measured in similar tests in low oxygen
sodium. However, crack growth rates in the former
sodiums fall within the scatter band for tests
conducted in air at ^600°C (Fig. 6) and are no
greater than a factor of five above rates deter-
mined in air in this investigation.

43. Cracks grow at lower stress intensities in
contaminated sodium (̂ 3 MN.m'3'2) than in air (Ml
MN.ro"3'2). One explanation for this is that at
low stress intensity values, carbon transfer at
the crack tip is permitted in the liquid sodium
environment, whereas in air, cracks fill with
bulk oxide preventing access of further gaseous
oxygen to the crack tip. There is some experi-
mental evidence that growth of small cracks can
be stopped In air at low stress intensities by
bulk crack tip oxide (Refs.59-61).

Endurance of Strips

44. Predictions of endurance (equation 2) cor-
relate reasonably with experimental results
obtained on strips in the as-received and decar-
burised conditions. Although there is presently
no fatigue crack growth information for mildly
carburised stainless steel (ac'vO.l), mechanical
properties are not significantly changed by such
mild carburisation (Ref.29) and thus endurances
are not predicted to be significantly different
from those on as-received specimens.

45. Experimental endurances of heavily carburised
strips («c*l) are not predicted by equation (2)
using information from Fig. 2. The considerable
increase In experimental endurance over the pre-
dicted endurance is attributed to the effect of
strong (buf brittle) carburised surfaces inhibit-
ing crack Initiation. Retardation of crack

initiation has been observed previously 'in room
temperature (Ref.14) and elevated temperature
(Ref.6) fatigue tests on carburised steels.
This is discussed further below.

Endurance Predictions on Defective Strips

46. Experimental endurances for as-received
specimens and specimens following pre-exposure to
high oxygen sodium are adequately predicted by
equation (2) in Fig. 4. There is a greater reduc-
tion in the experimental endurances for specimens
pre-exposed to carburising sodium and the products
of sodium-water flames than predicted by equation
(2). However, allowing for reduced cross-section
area in the calculation of endurance for chemical
attack from sodium-water flames and high carbon
sodium, the calculated order of magnitude of the
change in endurance is predicted by equation (2)
for the former specimens and for the latter
specimens at high stress. At high cyclic stresses,
the surface carbide layer is known to rupture
following initial loading (Ref.14). At low cyclic
stresses crack initiation Is apparently retarded
by the surface carbide layer and endurance
enhancement results.

47. This work shows that the high resistance to
crack initiation, usually attributed to stainless
steel, can be bypassed or further improved depend-
ing on the nature of the sodium pre-exposure
environment and on the specimen loading conditions.

CONCLUSIONS

48. Sodium environment has a significant influ-
ence on fatigue properties of solution treated ,
AISI 316 stainless steel at 600°C. The degree of
influence is strongly dependent on the sodium
composition and generally follows trends predicted
by physically based fatigue models.

49. For tests at 600°C, fatigue crack growth
rates in carburising or decarburising sodiums are
significantly greater than those observed for low
oxygen sodium, but fatigue crack growth rates in
carburising or decarburising sodiums are no
greater than a factor of five above rates meas-
ured in air, even in long-term tests (^lO^h) at
very low stress intensity values. Crack growth
has been observed in carburising or decarburising
sodiums at low stress intensities (̂ 3 MN.m"3/2),
whereas in similar air tests there is no crack
growth below a stress intensity of *v8 MN.nT3'2.

50. In low oxygen sodium, fatigue crack growth
rate at 600°C falls within the scatter bands
reported for room temperature tests in air, for
high temperature tests in vacuum and high tem-
perature inert gas.

51. Endurance of strips in as-received condition
and following pre-exposure to decarburising, high
oxygen and caustic sodiums, is predicted from
appropriate crack growth data, if it is assumed
that the depth of chemical attack is equivalent
to the initial defect size. For heavily carbur-
ised material, where strong but brittle surface
layers are present, strength of layer inhibits
crack initiation at low stresses because of high
layer strength, and enhances initiation at high
stress because of layer brlttleness. Following
surface carbide rupture, the endurance is pre-
dicted from fatigue crack growth data.
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