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a b s t r a c t

Sodium environmental effects are key limiting factors in the high temperature structural design of
advanced sodium-cooled reactors. A guideline is needed to incorporate environmental effects in the
ASME design rules to improve the performance reliability over long operating times. This paper summa-
rizes the influence of sodium exposure on mechanical performance of selected austenitic stainless and
ferritic/martensitic steels. Focus is on Type 316SS and mod.9Cr–1Mo. The sodium effects were evaluated
by comparing the mechanical properties data in air and sodium. Carburization and decarburization were
found to be the key factors that determine the tensile and creep properties of the steels. A beneficial effect
of sodium exposure on fatigue life was observed under fully reversed cyclic loading in both austenitic
stainless steels and ferritic/martensitic steels. However, when hold time was applied during cyclic load-
ing, the fatigue life was significantly reduced. Based on the mechanical performance of the steels in
sodium, consideration of sodium effects in high temperature structural design of advanced fast reactors
is discussed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Advanced materials are critical element in the development of
next generation fast reactor technologies. Enhanced materials per-
formance not only improves safety margins for component perfor-
mance and provides design flexibility, but also is essential for the
economics of advanced sodium reactors. Structural materials of
these reactors will be exposed to harsh operating environments
including high temperature, sodium exposure, and neutron irradi-
ation for period up to 60 years. Degradation due to high tempera-
ture and irradiation damage are common issues to all types of
reactor materials, while environmental degradation in liquid so-
dium is unique to sodium-cooled reactors.

Code qualification and licensing of advanced materials are ma-
jor needs for developing and implementing advanced fast reactor
technologies. As advanced recycling reactors (ARRs) will operate
at higher temperatures (up to 550 �C under normal conditions)
than the current light water reactors (LWRs, operating at
�320 �C), the design of elevated-temperature components must
comply with ASME Boiler and Pressure Vessel (B&PV) Code Section
III Subsection NH, and also must consider time-dependent effects
of the exposure environment on creep, creep–fatigue, and creep
ratcheting. A detailed analysis/evaluation is essential to establish
the performance envelopes for long-term reliable service. The
ll rights reserved.
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development of a mechanistic understanding of critical material is-
sues and development of predictive models are also necessary to
optimize/minimize testing efforts and to facilitate sound structural
design and analysis. So far, only five structural materials pertinent
to sodium reactors have been qualified in the ASME Code for ele-
vated-temperature use for nuclear components, i.e. Types 304
and 316 stainless steels, 2.25Cr–1Mo steel, modified 9Cr–1Mo
steel, and alloy 800H.

This paper addresses the critical degradation issues in liquid so-
dium for the two classes of alloys that are of most interest for the
ARR structural applications: austenitic stainless steels and ferritic/
martensitic steels, with a focus on Type 316SS and mod.9Cr–1Mo.
Code qualification and licensing issues of ARR structural materials
are discussed first. The influence of sodium exposure on mechani-
cal properties including tensile properties, creep, fatigue, and
creep–fatigue is then summarized, based primarily on experimen-
tal experience obtained in past reactor programs. Considerations of
sodium environmental effects in the high temperature structural
design of advanced fast reactors are proposed.
2. Code qualification and licensing issues for structural alloys
pertinent to ARRs

Nuclear structural components for elevated-temperature ser-
vice are required to comply with the ASME Code Section III Subsec-
tion NH. Subsection NH evolved from prior Code Case N-47,
originally intended for use in the design of the Clinch River Breeder
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Reactor Project (CRBRP) [1]. Significant advances in elevated-tem-
perature structural design technology have been made since CRBRP
and incorporated into Subsection NH. As the ARR design is substan-
tially similar to that of CRBRP, a comprehensive understanding of
issues either addressed or to be addressed in Subsection NH will
leverage development resources for the ARR. It is important to note
that Subsection NH has not been endorsed by the US Nuclear Reg-
ulatory Commission (NRC) and this puts an added burden on
licensing for ARR. Thirteen major issues with regard to material
performance and high temperature design technology relevant to
the ARR have been identified, based on past experience and the
proposed ARR design, and these are summarized below:

� Materials property allowable data/curves for 60 year design life.
� Validated weldment design methodology.
� Reliable creep–fatigue design rules.
� Hold-time creep–fatigue data.
� Mechanistically based creep–fatigue life predictive tools.
� Understanding/validation of notch weakening effects.
� Adequate methodology for analyzing Type IV cracking in 9Cr–

1Mo weldment.
� Inelastic design procedures for piping.
� Validated thermal striping materials and design methodology.
� Quantification of irradiation effects on materials properties.
� Quantification of thermal aging effects on materials properties.
� Quantification of sodium effects on materials properties.
� Material degradation limits in the presence of sodium–water

reaction.
Fig. 1. Effect of sodium exposure on (a) ultimate tensile strength and (b) total
3. Effects of sodium exposure on mechanical properties

Issues associated with liquid sodium exposure are unique to
ARR structural materials. Effects of sodium environments on
mechanical performance must be addressed to ensure the struc-
tural integrity of the reactor components. Mechanisms that con-
tribute to sodium corrosion damage in structural alloys include
dissolution, mass transfer, and interstitial impurity effects. Mass
loss and wall thinning, selective leaching of alloying elements
and formation of surface ferrite layers, carburization/decarburiza-
tion and nitridation/denitridation can occur in liquid sodium,
depending on the sodium and alloy chemistry, service tempera-
ture, and time of exposure. These corrosion processes can lead to
microstructural changes and degradation in mechanical properties
of the structural components. The effects of sodium exposure on
tensile properties, creep, fatigue, and creep–fatigue behavior are
discussed in the following sections.
elongation of Type 316SS.
3.1. Tensile properties

The effect of a sodium environment on tensile properties is lar-
gely dependent on the degree of carburization/decarburization that
occur in austenitic stainless steels and ferritic/martensitic (F/M)
steels during long-term exposure to sodium, which can signifi-
cantly affect microstructural stability and mechanical properties
of the steels. In a mono-metallic sodium system, austenitic stainless
steels tend to decarburize in the reactor core region and carburize
in the IHX region [2]; low-Cr ferritic steels, such as 2.25Cr–1Mo,
are susceptible to decarburization in sodium due to its inherently
high C activity [3–5]; high-Cr materials such as 9Cr and 316 steels
have a relatively lower C activity and are more resistant to carbon
loss in a sodium environment [6–8]. In bimetallic sodium loops
constructed of austenitic and ferritic steels, the ferritic steel located
in the low temperature region tends to decarburize and the austen-
itic stainless steel located in the high temperature region tends to
carburize [9–11].
Fig. 1 shows the combined effect of sodium exposure and ther-
mal aging on ultimate tensile strength and total elongation of Type
316SS over the temperature range 400–800 �C [12–18]. Tensile
data were obtained from specimens pre-exposed to sodium to spe-
cific C-penetration depths (�0.1–0.3 mm) with increases in the
average bulk carbon concentration up to 0.2 wt%. Carburization
(resulting from sodium exposure) resulted in a slight increase in
strength and a decrease in ductility. Overall, the influence of so-
dium exposure on tensile properties of austenitic stainless steels
is insignificant.

Decarburization of 2.25Cr–1Mo steel in a sodium environment
exposed at temperatures up to 550 �C progressively reduces the
tensile and yield strengths of the steel [19,20]. However, the rate
of decarburization is strongly influenced by the initial microstruc-
ture of the steel, stability and composition of the carbides in the
steel, and the carbide dissociation kinetics [3]. Data on the tensile



Fig. 3. Effect of sodium environment on creep rupture properties of mod.9Cr–1Mo.
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properties of high-Cr steels in sodium are sparse. Limited data indi-
cate that tensile properties of Fe–9Cr–Mo steels are not affected by
sodium exposure at temperatures below 550 �C [13,21–23]. Addi-
tional long-term data are needed for confirmation.

3.2. Creep properties

Sodium appears to have a more significant effect on creep prop-
erties of 304SS than of 316SS. Degradation of creep properties of
Type 304SS in sodium has been reported in several studies, e.g.
in references [24–27]. In a carburizing sodium environment, i.e.
when C activity in sodium is greater than that in steel, reduction
in rupture life occurs due to reduced ductility in the tertiary creep
regime. Tertiary creep embrittlement is more severe at higher test
temperatures. Minimum creep rate and time-to-onset of tertiary
creep are not affected by a carburizing sodium environment. In a
decarburizing Na environment, enhanced creep rate and earlier on-
set of tertiary creep were observed in addition to the shortened
rupture time. Cracking along the affected grain boundaries lead
to reduction in load-bearing cross section that, in turn, shortens
the rupture time for a given applied stress.

Sodium exposure has nearly no effect on creep rupture proper-
ties of Type 316SS, as shown in Fig. 2 (WARD = Westinghouse Ad-
vanced Reactor Division) [28–30]. Creep rupture properties of Type
316SS showed little change after 10,000 h exposure to sodium at
593 �C. This is probably due to the presence of fine molybdenum
carbides in 316 steel. The creep rupture strength of the specimens
tested at ANL was lower than the ASME Code minimum due to a
low-N content of the steel. The sodium effect was observed in sen-
sitized 316L(N), exhibiting two stages of secondary creep during
long-term creep tests (>6000 h) [31]. When combined with neu-
tron irradiation, sodium environment can cause significant reduc-
tion in rupture strength of Type 316SS [32].

For the 2.25Cr–1Mo steel, a loss of creep rupture strength in so-
dium was observed, and decarburization was shown to degrade the
property beyond that attributable to thermal aging only [19]. A
reduction of 10% of the creep rupture strength was estimated for
a service life of 100,000 h in sodium at 510 �C. Little information
is available on the creep rupture properties of ferritic/martensitic
steels exposed to high temperature sodium. No creep rupture data
are available for mod.9Cr–1Mo steels in flowing sodium. Fig. 3
(with data from reference [33]) compared with the ASME design
curves of mod.9Cr–1Mo [28]) shows little difference in creep
strength between as received and sodium-exposed (with simulta-
neous thermal aging) specimens of mod.9Cr–1Mo. No effect of
pre-sodium exposure (associated carbon gain/loss) was observed
after 5000 h exposure to sodium at 500–550 �C.
Fig. 2. Effect of sodium environment on stress-rupture behavior of Type 316SS.
3.3. Fatigue and creep–fatigue performance

The effect of sodium exposure on fatigue properties has been
evaluated by fatigue testing in flowing sodium and testing speci-
mens pre-exposed to sodium environments. A beneficial effect of
sodium on fatigue life was observed in austenitic stainless steels
when tested under continuous fatigue loading. The fatigue life of
Type 316SS in sodium is significantly longer than in air, as shown
in Fig. 4 [34–38]. For the sodium exposure conditions used in these
studies, the specimens developed a carbon concentration profile
that varied from �0.4 wt% at the surface to the initial concentra-
tion in the steels at a depth of 0.01–0.02 cm. The results indicate
that moderate carburization of the steel in sodium has negligible
effect on the fatigue life and that the fatigue lives of the sodium-
exposed material are comparable to those of the annealed or ther-
mally aged material. Surface oxidation, when tested in air, may
facilitate early crack initiation, leading to the shortened fatigue life.
The absence of surface oxidation in sodium increases the fatigue
life considerably, when tested in fully reversed fatigue loading.

The creep–fatigue behavior of austenitic stainless steels in so-
dium has been investigated using a slow-fast sawtooth waveform
or a triangular waveform with tensile-hold period [39]. The results
show significant reduction in fatigue life. A tensile-hold period
leads to creep damage and reduces fatigue life, whereas compres-
sive- or symmetric-hold periods have little or no effect. The creep
damage during a tensile-hold time depends on the material grain
size. The 50 lm grain size rod material is resistant to bulk cavita-
Fig. 4. Fatigue strain-life relation for Type 316SS in air and in sodium.



Fig. 6. Fatigue strain vs. life data for normalized and tempered Fe–9Cr–Mo steel in
(a) air at 525 and 550 �C and (b) sodium at 538–593 �C, JNC data from Ref. [33].
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tion; the larger grain size plate material shows extensive grain-
boundary cavities. The strain vs. life data for thermally aged Type
304 SS in sodium using a slow-fast sawtooth waveform or ten-
sile-hold periods is shown in Fig. 5. As compared to continuous-cy-
cle fatigue, the reduction in fatigue life is greater at lower strain
amplitudes; i.e., fatigue life is a factor of �20 lower at strain ampli-
tude of 0.25%, whereas life is a factor of �8 lower at strain ampli-
tude of 0.5%. Although the continuous-cycle fatigue life in sodium
is greater than that in air, life under creep–fatigue conditions (i.e.,
for the slow-fast or hold-time tests) is comparable to that in air.
The slow-fast or hold-time tests in air under similar loading condi-
tions result in a reduction in life by a factor of �6. These results
suggest that the creep–fatigue interaction may be greater in so-
dium than in air, particularly at low-strain amplitudes. It is proba-
ble that the slow-fast or hold-time strain sequence facilitates crack
initiation, and the apparent larger effect on life under creep–fati-
gue conditions is not due to creep damage but to early crack initi-
ation. On the other hand, a substantial portion of fatigue life for
continuous-cycle fatigue is spent in initiating a crack, particularly
at low-strain ranges.

The fatigue life of ferritic steels, in general, is better in sodium
than in air. The fatigue strain vs. life data for normalized and tem-
pered Fe–9Cr–Mo steel in air [40–42] and in sodium [33,43] envi-
ronments are shown in Fig. 6. In Fig. 6(a), the two heat treatments
simulate thick section material. In air, the fatigue life of Fe–9Cr–Mo
steel is comparable to that of Type 304 SS and superior to that of
Fe–21=4Cr–1Mo steel. Fatigue life in sodium is a factor of 3–10 long-
er than in air. Also, moderate carburization after exposure to so-
dium has little or no effect on the fatigue life of these steels at
538 �C (Fig. 6(b)). The partial pressure of oxygen in a liquid-sodium
environment is much lower than that of air and, therefore, surface
oxidation effects do not influence fatigue life in sodium. In oxidiz-
ing environments such as air or steam, the oxide scale that forms
on the surface of the test specimen can influence the process of
crack initiation.

Only one study has been performed to investigate the creep–fa-
tigue interaction of mod.9Cr–1Mo in sodium [33]. The available
creep–fatigue data are shown in Fig. 6(b) and are compared with
the fatigue data under continuous cycling in sodium. The creep–fa-
tigue life of mod.9Cr–1Mo steel under tensile hold was signifi-
cantly shorter than fatigue life under continuous cycling, both in
the sodium environment and in air, and no beneficial effect of so-
dium exposure on fatigue life was observed, while a compressive
hold in sodium was less damaging. Additional data are needed
on the effect of sodium environment on the creep–fatigue behavior
of Fe–9Cr–Mo steels to establish the performance limits for com-
ponents fabricated from this material.
Fig. 5. Strain-life relation for Type 304SS in sodium.
4. Consideration of sodium effects in high temperature
structural design

The sodium environment of the ARR poses unique challenges to
long-term performance of materials and in high temperature de-
sign methodology to accommodate time-dependent behavior of
the mechanical properties and failure modes. The ASME Code
and code cases, however, do not provide specific guidelines for
environmental effects and they need to be considered for NRC
licensing. There is insufficient understanding of the changes in
mechanical properties due to long-term sodium exposure, particu-
larly for high-Cr ferritic/martensitic steels. Assessment of existing
data and additional tests to fill the data gaps are needed to gener-
ate materials performance envelope and incorporate ‘‘knock-
down” factors in design rules.

The extent of carburization/decarburization during component
service is one of the key factors that determine the mechanical
properties of structural alloys in a sodium environment, particu-
larly on tensile and creep properties. A strength reduction factor
has been suggested to account for strength loss due to sodium
environmental effect in 2.25Cr–1Mo steel [44]. As the influence
of sodium exposure on the tensile strength of 316SS and
mod.9Cr–1Mo is insignificant, strength adjustment factors may
not be needed for these steels. However, the effect of carburiza-
tion/decarburization must be considered in the assessment of
thin-walled structures. Since sodium-cooled reactor systems oper-
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ate at low pressure (relative to LWRs), thin-walled sodium-con-
taining components are common in liquid metal reactors.

Considering the beneficial effect of sodium exposure on fatigue
life of austenitic stainless steels and ferritic/martensitic steels, the
fatigue data generated in air can be safely applied for the design of
thick-walled components in reactor quality sodium. An under-
standing of this beneficial effect is needed for developing mecha-
nistic life prediction models. The conventional universal slope
model [45] that correlates tensile properties and fatigue perfor-
mance cannot be applied for sodium-exposed materials, because
sodium exposure has negligible effect on tensile properties
whereas sodium seems to have a significant effect on fatigue under
cyclic loading. The insignificant effect of sodium exposure on the
tensile strength and tensile ductility in mod.9Cr–1Mo implies that
surface effect and environmental effects on fatigue crack initiation
and propagation may play an important role in fatigue perfor-
mance in sodium environments. Life predictive models that incor-
porate these effects need to be developed.

Significant life reduction under creep–fatigue loading in both
austenitic stainless steels and ferritic/martensitic steels is of partic-
ular concern. The ASME Code has adopted a linear or a bilinear
summation rule to account for the creep–fatigue damage in struc-
tural alloys. The bilinear damage envelope was initially developed
for austenitic stainless steels. When the same methodology was
applied to mod.9Cr–1Mo, far more severe fatigue and creep load
limits were required for mod.9Cr–1Mo [28] to establish design
window. The recent assessment [46] of the ASME creep–fatigue
evaluation procedure in mod.9Cr–1Mo has pointed out that several
unique characteristics have not been properly considered, includ-
ing cyclic softening effect (vs. cyclic hardening effect in austenitic
stainless steels), environmental effect, stress relaxation during
hold time, etc. Improvement in creep–fatigue design rules is an
essential need in the application of high temperature design
methodology.

It is worth mentioning that creep–fatigue design rules are pri-
marily based on short-time laboratory test data generated on
smooth-surface specimens and with relatively short hold times.
Whether or not creep–fatigue damage will be saturated with
increasing hold time is unclear. The reactor hold periods can be
as long as 1500 h in liquid metal reactors. Long hold-time creep–
fatigue test data are needed on smooth and flawed specimens in
developing creep–fatigue models and design rules. It should be
noted that loading sequence and wave form types are also impor-
tant factors in determining creep–fatigue lifetime, particularly for
weldments.

Given the extension of reactor life from the current design life
to 60 years in the future, reliable extrapolation of short-term data
to 60 years poses a significant challenge to the designers and the
regulators. It is imperative to develop a mechanistic understanding
of creep–fatigue damage under various loading conditions and to
develop improved mechanism-based creep–fatigue life predictive
models. These improved and more reliable models also need
experimental validation and proper integration into the design
process.
5. Summary

Time-dependent material properties and environmental effects
have been identified as key factors in the high temperature struc-
tural design of sodium-cooled reactors. A large amount of informa-
tion is available on sodium effects of Types 304 and 316 stainless
steels and 2.25Cr–1Mo steels, while sodium data are very limited
for mod.9Cr–1Mo steel. The influence of a sodium environment
on tensile and creep properties in the range of chemistry pertinent
to sodium reactors is insignificant in thick sections of Type 316SS
and mod.9Cr–1Mo steels. However, the effect of carburization/
decarburization must be considered for thin-walled structures. A
beneficial effect of sodium exposure on the fatigue life was ob-
served in both austenitic stainless steels and ferritic/martensitic
steels. The beneficial effect vanished when a tensile-hold time
was applied during cyclic loading. Additional data are needed to
fully understand the creep–fatigue behavior of these steels. So-
dium-exposure data on mod.9Cr–1Mo and their weldments are
much less available than data on austenitic stainless steels, and
significant testing efforts are required to establish the mechanical
properties of mod.9Cr–1Mo steel in sodium environments. Effects
of carburization/decarburization, long-term aging and associated
microstructural stability in sodium-exposed materials and under
combined environments of sodium and irradiation, and effects of
long-hold time on creep–fatigue life need further investigation
for eventual incorporation into the ASME Code.

Acknowledgement

Work was supported by the US Department of Energy, Office of
Nuclear Energy under Contract DE-AC02-06CH11357.

References

[1] D.S. Griffin, Nucl. Eng. Des. 90 (1985) 299.
[2] K. Natesan, T.F. Kassner, J. Nucl. Mater. 37 (1970) 223.
[3] K. Natesan, O.K. Chopra, T.F. Kassner, Nucl. Technol. 28 (1976) 441.
[4] J.L. Krankota, J.S. Armijo, Nucl. Technol. 24 (1974) 225.
[5] K. Matsumoto, Y. Ohta, K. Kataoka, S. Yagi, K. Suzuke, T. Yukitoshi, T. Moroishi,

K. Yoshikawa, Y. Shida, Nucl. Technol. 28 (1976) 452.
[6] O.K. Chopra, K. Natesan, T.F. Kassner, in: Proceedings of International

Conference on Liquid Metal Technology in Energy Production, CONF-760503-
P2, 1976, p. 730.

[7] G. Menken, E.D. Grosser, E. Te Hessen, in: Proceedings of International
Conference on Ferritic Steels for Fast Reactor Steam Generators, BNES,
London, 1978, p. 264.

[8] O.K. Chopra, K. Natesan, T.F. Kassner, J. Nucl. Mater. 96 (1981) 269.
[9] J.L. Krankota, K.D. Challenger, in: Proceedings of International Conference on

Liquid Metal Technology in Energy Production, CONF-760503-P2, 1976, p. 819.
[10] M. Besson, P. Baque, L. Champeix, J.R. Donati, C. Oberlin, P. Saint-Paul, in:

Proceedings of International Conference on Liquid Metal Technology in Energy
Production, CONF-760503-P2, 1976, p. 834.

[11] H. Atsumo, S. Yuhara, A. Maruyama, S. Kanoh, N. Aoki, K. Mochizuki, in:
Proceedings of International Conference on Liquid Metal Technology in Energy
Production, CONF-760503-P2, 1976, p. 849.

[12] L.H. Kirschler, R.H. Hiltz, S.J. Rodgers, USAEC Report MSAR 69-42, Mines Safety
Appliances Research Corp., Evans City, PA, 1969.

[13] A. Thorley, B. Longson, J. Prescott, TRG-Report-1909, 1970.
[14] K. Natesan, T.F. Kassner, Che-Yu Li, React. Technol. 15 (1972) 244.
[15] L.H. Kirschler, R.C. Andrews, in: Proceedings of International Conference on

Sodium Technology and Fast Reactor Design, ANL-7520, 1968, p. 41.
[16] A. Thorley, C. Tyzack, in: Proceedings of International Conference on Effects of

Environment on Materials Properties in Nuclear Systems, BNES, London, 1971,
p. 143.

[17] K. Natesan, D.L. Smith, T.F. Kassner, O.K. Chopra, in: ASME Symposium
Structural Material for Service and Elevated Temperatures in Nuclear Power
Generation, MPC-l, vol. 302, 1975.

[18] K. Natesan, O.K. Chopra, T.F. Kassner, J. Nucl. Mater. 73 (1978) 137.
[19] G.P. Wozadlo, L.V. Hampton, P. Roy, in: Proceedings of 2nd International

Conference on Liquid Metal Technology in Energy Production, CONF-800401,
1980, p. 2-1.

[20] R.H. Hiltz, L.H. Kirschler, R.C. Andrews, MSAR 72-286, Mines Safety Appliances
Research Corp., Evans City, PA, 1972.

[21] J.S. Armijo, J.L. Krankota, C.N. Spalaris, K.M. Horst, F.E. Tippets, International
Conference on Fast Reactor Power Stations, BNES, London, 1974, p. 189.

[22] D.S. Wood, in: Proceedings of International Conference on Ferritic Steels for
Fast Reactor Steam Generators, BNES, London, 1978, p. 293.

[23] W. Charnock, J.E. Cordwell, P. Marshall, in: Proceedings of International
Conference on Ferritic Steels for Fast Reactor Steam Generators, BNES, London,
1978, p. 310.

[24] Y. Wada, E. Yoshida, M. Aoki, S. Kato, T. Ito, in: H.U. Borgstedt, F.R.G. Karslruhe
(Eds.), IAEA Specialists Meeting IWGFR-84, KFK 4935, Kernforschungszentrum
Karlsruhe, 1991, p. 17.

[25] H.U. Borgstedt, G. Frees, H. Huthmann, in: H.U. Borgstedt, F.R.G. Karslruhe
(Eds.), IAEA Specialists Meeting IWGFR-84, KFK 4935, Kernforschungszentrum
Karlsruhe, 1991, p. 86.

[26] K. Natesan, O.K. Chopra, T.F. Kassner, in: Proceedings of International
Conference on Liquid Metal Technology in Energy Production, CONF-
760503-Pl, 1976, p. 338.



248 K. Natesan et al. / Journal of Nuclear Materials 392 (2009) 243–248
[27] H. Huthmann, G. Menken, H.U. Borgstedt, H. Tas, in: Proceedings of 2nd
International Conference on Liquid Metal Technology in Energy Production,
CONF-800401, 1980, p. 19.

[28] ASME Boiler and Pressure Vessel Code, 2007 Ed.
[29] K. Natesan, O.K. Chopra, G.J. Zeman, D.L. Smith, T.F. Kassner, in: Proceedings of

IAEA Specialists Meeting on Properties of Primary Circuit Structural Materials
including Environmental Effects, CONF-771052, 1977, p. 168.

[30] P.N. Flagella, J.A. Denne, R.A. Leisure, in: Proceedings of 2nd International
Conference on Liquid Metal Technology in Energy Production, CONF-800401-
P2, 1980, p. 19.

[31] H. Huthmann, H.U. Borgstedt, Ph. Debergh, C.A.P. Horton, D.S. Wodd, in: H.U.
Borgstedt, F.R.G. Karslruhe (Eds.), IAEA Specialists Meeting IWGFR-84, KFK
4935, Kernforschungszentrum Karlsruhe, 1991, p. 102.

[32] S. Ukai, S. Mizuta, T. Kaito, H. Okada, J. Nucl. Mater. 278 (2000) 320.
[33] T. Asayama, Y. Abe, N. Miyaji, M. Koi, T. Furukawa, E. Yoshida, J. Press. Vess.

Technol. 123 (2001) 49.
[34] D.L. Smith, G.J. Zeman, K. Natesan, T.F. Kassner, in: Proceedings International

Conference on Liquid Metal Technology in Energy Production, CONF-760503-
Pl, 1976, p. 359.

[35] D.L. Smith, K. Natesan, T.F. Kassner, G.J. Zeman, in: ASME Symposium
Structural Materials for Service at Elevated Temperatures in Nuclear Power
Generation, MPC-1, vol. 290, 1975.
[36] G.J. Zeman, D.L. Smith, Nucl. Technol. 42 (1979) 82.
[37] P.N. Flagella, J.R. Kahrs, in: Proceedings of International Conference on Liquid

Metal Technology in Energy Production, CONF-760503-Pl, 1976, p. 353.
[38] K. Natesan, O.K. Chopra, T.F. Kassner, in: Proceedings of 2nd International

Conference on Liquid Metal Technology in Energy Production, CONF-800401,
1980, p. 19.

[39] O.K. Chopra, K. Natesan, T.F. Kassner, D.L. Smith, Argonne National Laboratory,
ANL-82-19, 1982.

[40] D.S. Wood, in: Proceedings of Conference on the Experience of Structural
Validation in the Nuclear Energy Industry with Emphasis on High Temperature
Design, Institution of Mechanical Engineers, London, 1979, p. 23.

[41] S.J. Sanderson, S. Jacques, in: Proceedings of IAEA Specialist Meeting on
Mechanical Properties of Structural Materials Including Environmental Effects,
Report IWGFR-49, 1984, p. 601.

[42] S.L. Mannan, K. Bhanu Shankar Rao, M. Valsan, A. Nagesha, Trans. Indian Inst.
Metals 58 (2 & 3) (2005) 159.

[43] O.K. Chopra, Argonne National Laboratory, 2007 (unpublished data).
[44] K. Iida, Y. Asada, K. Okabayashi, T. Nagata, Nucl. Eng. Des. 98 (1987) 283.
[45] S.S. Manson, Exp. Mech. 5 (1965) 193.
[46] Takashi Wakai, Masayuki Sukekawa, Shingo Date, Tai Asayama, Kazumi Aoto,

Shigenobu Kubo, Int. J. PVP 85 (2008) 352.


	Sodium effects on mechanical performance and consideration in high temperature structural design for advanced reactors
	Introduction
	Code qualification and licensing issues for structural alloys pertinent to ARRs
	Effects of sodium exposure on mechanical properties
	Tensile properties
	Creep properties
	Fatigue and creep–fatigue performance

	Consideration of sodium effects in high temperature structural design
	Summary
	Acknowledgement
	References


