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:REVIEW OF SODIUM EFFECTS ON CANDIDATE MATERIALS 
FOR CENTRAL RECEIVER SOLAR-THERMAL 

POWER SYSTEMS 

0. K. Chopra, J. Y. N. Wang, and K. Natesan 

ABSTRACT 

Available information on the corrosion behavior 
and mechanical properties of structural materials in a 
high-temperature sodium environment has been reviewed to 
compile a data base for select.ion of materials for advanced 
central-receiver solar-power systems, for which sodium is 
being considered as a heat-transfer fluid and thermal
storage medium. Candidate materials for this application 
(e.g., Types 304, 316, and 321 stainless steel, Alloy 800, 
and Fe-2¾Cr-1Mo and Fe-9Cr-1Mo ferritic steels) have been 
used in the construction of various components for liquid
metal fast-breeder reactors in this country and abroad with 
considerable success. Requirements for additional informa
tion on material properties in a sodium environment are 
identified. The additional data coupled with more quan
titative deformation models, failure criteria, and component 
design rules will further reduce uncertainties in the 
assessment of performance limits and component reliability 
in large sodium heat-transport systems. 

INTRODUCTION 

Sodium is being considered as a heat-transfer fluid and thermal
storage medium in advanced solar central-receiver power systems, which 
can produce electric power when coupled with sodium-to-water steam generators and conventional turbines. The broad technology base that has been 
developed in liquid-metal fast-breeder reactor (LMFBR) programs in this 
country and abroad over the past 25 years can be applied in the design, 
materials selection, and construction of components for solar central
receiver systems. Information relative to the thermal-hydraulic perform
ance of sodium-heated steam generators, the reliability and performance 
of large sodium pumps, flow meters, and valves, and requirements for 
sodium-purity control and monitoring equipment is readily available and 
directly applicable to the development of solar-power systems. 

The purpose of this report is to review the status of work on the 
corrosion behavior and mechanical properties of structural materials in 
a high-temperature sodium environment. In general, the criteria for 
selection of materials for use in a sodium-cooled solar-power system are 
similar to those in LMFBR systems, i.e., the materials must possess 
adequate strength at high temperatures, compatibility with the sodium and 
water/steam environments, and resistance to chloride and caustic stress
corrosion cracking. Fabricability, weldability, cost, and material 



availability are other considerations that influence material selection. 
Special requirements such as resistance to swelling and embrittlement 
under neutron irradiation and friction and self-welding characteristics 
in a liquid-sodium environment, which are important in the LMFBR, can be 
disregarded for the present application. 

Based upon the above requirements, the influence of sodium environ
ment on the composition, microstructure, and mechanical behavior of a 
number of iron-base alloys has been investigated in considerable detail. 
In addition to temperature, sodium purity, and exposure time, the effect 
of different alloys (e.g., austenitic and ferritic steels) in the circuit 
on corrosion behavior and material performance has been evaluated. 
Commercially available alloys for which information on performance in a 
sodium environment has been well documented include Types 304 and 316 
stainless steel, Fe-2¾Cr-1Mo steel (unstabilized and stabilized grades), 
and to a limited extent, Type 321 stainless steel, Alloy 800 and Fe-9Cr-1Mo 
steel. These materials have been selected for construction of various com
ponents in breeder reactors in operation or under construction in the US, 
UK, USSR, FRG, France, and Japan (see Table I). 

TABLE I. Materials Selected for Various Components 
of Sodium-cooled Reactors 

IHX 
Steam Generator 

(Intermediate 

Country Reactor Vessel Heat Exchanger) Evaporator Superheater 

us Fermi 304 304 Fe-2li;Cr-1Mo Fe-2li;Cr-1Mo 
EBR-II 304 304 Fe-2!i;Cr-1Mo Fe-2!i;Cr-1Mo 
FFTF 304 316 a a 
CRBRP 304 304 Fe-2li;Cr-1Mo Fe-2!i;Cr-1Mo 

UK DFR 316 316 321 321 
PFR 321 321 Fe-2!i;Cr-1Mo-Nb 316H 

USSR BOR-60 304 304 Fe-2li;Cr-1Mo Fe-2li;Cr-1Mo 
(Alloy 800) 

BN-350 304 304 Fe-2!i;Cr-1Mo Fe-2li;Cr-1Mo 
BN-600 304 304 Fe-2li;Cr-1Mo 304 

FRG SNR-300 304 Fe-2li;Cr-1Mo-1Nb Fe-2l.i;Cr-1Mo-Nb Fe-2!i;Cr-1Mo-Nb 

FRANCE Rapsodie 316L 316 a a 
Phenix 316L 316 Fe-2!i;Cr-1Mo-1Nb 321 
Creys-!1al ville 316 316 Alloy 800 tubes b 

304, 316L shell 

JAPAN JOYO 304 304 a a 
Monju 304 304 Fe-2l.i;Cr-1Mo 304 

aSodium to air heat exchanger 
b 

Evaporator and superheater are combined in a single unit. 

9 
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Base-line mechanical-properties data for most of these materials 
are available in ASME Boiler and Pressure Vessel Codes and the Nuclear 
Systems Materials Handbook (NSMH); however, information pertaining to 
corrosion and the effect of sodium environment on mechanical behavior is 
primarily contained in proceedings of liquid-metal-technology conferences 
and journal publications within the past 15 years. The major results of 
this work are SUIIIIllarized in the following sections. Recent data obtained 
from bilateral exchange agreements between US-DOE and organizations in 
other countries involved in the development of fast-breeder reactors can
not be referenced in this review. 

II. BEHAVIOR OF FERRITIC STEELS IN SODIUM 

Low-alloy Fe-2¾Cr-1Mo ferritic steel has been favored inter
nationally for use in the construction of sodium-heated steam generators 
on the basis of its high thermal conductivity, resistance to stress
corrosion cracking in both chloride- and caustic-contaminated environments, 
established fabrication techniques, and cost. A major concern for this 
application is the susceptibility of the steel to decarburization when 
exposed to high-temperature flowing sodium. 1- 3 The carbon loss from the 
material leads to a significant reduction in elevated-temperature mechan
ical strength. 4 - 5 Furthermore, in sodium systems which contain austenitic 
and ferritic components, decarburization of the ferritic material leads 
to carburization of the austenitic stainless steels. 6- 8 

Ferritic steels with higher chromium content, e.g., 9 wt% chromium 
with 1-2 wt% molybdenum, have been proposed for both steam evaporator and 
superheater units to minimize the extent of carbon transfer in bimetallic 
sodium heat-transport systems. The high-chromium ferritic steels provide 
a greater resistance to carbon transfer9 ,lO and possess adequate elevated
temperature mechanical properties. 

A. Corrosion 

The corrosion behavior of Fe-2¾Cr-1Mo steel has been studied8 ,ll-lG 
over the temperature range from 720 to 920 K* at oxygen levels between ~1 
and ~25 ppm. The results show that the corrosion behavior is sensitive to 
changes in temperature, oxygen content in the sodium, and sodium velocity. 
The corrosion rate increases with an increase in sodium velocity up to 
~7 m/s, at which point the corrosion rate becomes velocity independent. 
At a given temperature the dependence of corrosion rate on oxygen concen
tration in sodium is of the form [O)n, where n is ~2. After an initial 
period, which tends to be variable, the metal-loss rates attain a steady
state value and remain constant with time for given sodium-purity and 
operating conditions. The metallurgical condition of the steel does not 
have a significant effect on the steady-state corrosion rates. 

*Conversion· {actor; degr·ee Celsius = Kelvin ..., 273, degree Fahrenheit = 
Kelvin x 1, 8 ,:-,. 459, 9. See Appendix B for Conversion Table. 
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The temperature dependence of corrosion rate for Fe-2¾Cr-1Mo steel 
is shown in Fig. 1. The curves which are recommended by the NSMH are valid 
for temperatures below 870 K. The data used to generate these correlations 
were obtained from samples exposed in the hot leg of sodium loops at sodium 
velocities >7 m/s. Consequently, the corrosion rate of Fe-2¾Cr-1Mo steel 
components exposed in the cold leg (e.g., the steam generators and associa
ted piping of a solar-thermal-electric power plant) will be less than that 
indicated by the curves. The steam generator lies in a region where net 
sodium-side deposition would be expected. 8 , 17 , 18 In positions downstream 
from the high-temperature region of the circuit, dissolution of the steel 
is minimal because of a reduction in corrosion potential, i.e., the sodium 
becomes saturated with respect to the corrosion products. 

TEMPERATURE (°C) 

2 700 650 600 550 500 10 ,-;....:.___:_;....:.__---,------,,------,---.-----, 
450 
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1.0 I.I 1.2 1.3 1.4 

1000/T (Kl 

l,n~ormation on the corrosion behavior of Fe-9Cr-Mo steel in a 
sodium environment is limited.ll,15 , 19 Results for the steady-state corro
sion rate of this steel at temperatures between 750 and 870 Kare also 
plotted in Fig. 1. In general, the corrosion rate for Fe-9Cr-Mo steel is 
lower than that for Fe-2¾cr-1Mo steel; however, other differences in the 
corrosion behavior of the two steels have been noted. For example, 
Fe-9Cr-Mo material is prone to internal oxidation and to the formation of 
a surface-oxide film when exposed to high-temperature sodium containing 
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20-40 ppm* oxygen. 11 , 20 The surface and internal-oxidation behavior 
depends on the oxygen level and velocity of sodium. Surface oxides may 
persist for long periods in sodium at velocities of 3 to 4 m/s. However, 
at higher velocities, i.e., t9 m/s, the thickness of the surface-oxide film 
and the depth of internal penetration is relatively small. Surface and 
internal oxidation is not observed in specimens exposed to low-oxygen 
sodium, or in specimens placed in downstream locations at lower tempera
tures. More work is required to establish the corrosion rate and the 
operating limits for Fe-9Cr-Mo steel. 

B. Interstitial Transfer 

Nonmetallic elements such as carbon and nitrogen are known to 
migrate in monometallic sodium loops as a result of chemical activity 
differences that occur in nonisothermal systems. Transfer of these ele
ments also occurs in bimetallic sodium loops, i.e., those constructed of 
austenitic and ferritic steels, due to differences in the chemical activi
ties of these elements in the steels. For normal operating conditions in 
LMFBR heat-transport circuits the low-alloy Fe-2¾Cr-1Mo steel tends to 
decarburize because of an inherently high carbon activity in the steel. 
The high-chromium Fe-9Cr-Mo steel has a relatively low carbon activity and 
can either carburize or decarburize depending on the temperature and car
bon concentration in sodium. 

The carburization/decarburization behavior of ferritic steels can 
be ascertained from the relationship between equilibrium carbon concentra
tion and carbon activity in steel, shown in Figs. 2 and 3 for Fe-2¾Cr-1Mo 
(normalized condition) and Fe-9Cr-Mo (normalized and tempered condition), 
respectively. The chemical composition of the steels used in these inves
tigations1,21 is given in Table II. The results show that the variation 
in the carbon concentration in steel with carbon activity is fairly in
sensitive to temperature. At temperatures between ~770 and 970 K, the 
equilibrium carbon concentration can be expressed as a function of carbon 
activity (ac) by the relation 

in c2¾Cr-lMo(wt %) = -1.12 + O.61£n ac (1) 

for the Fe-2¾Cr-1Mo steel, and 

= 0.16 a 
0

· 14 + 10.5 a 
2

· 2 
C C 

(2) 

for the Fe-9Cr-Mo steel. The equilibrium relationships indicate that, at 
a carbon concentration in sodium of 0.05 ppm at 823 K (which corresponds 
to a carbon activity of 0.017 in sodium), the Fe-2¾Cr-1Mo and Fe-9Cr-Mo 

*These oxygen concentrations were obtained by off-line vacuum-distillation 
techniques and the values are somewhat greater than the actual oxygen 
concentration in the sodium. 
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Steel 

High-purity 

Fe-9Cr-l. 5Mo 
Fe-9Cr-2.5Mo 

Commercial 

Fe-2li;Cr-1Mo 
HCM9M 
ESRXA 3177 

ESRXA 3089 
EM-12 

TABLE II. 

C 

0.091 
0.09& 

0.110 
0.043 
0.087 

0.120 
0.090 

Cr 

8.63 
8,83 

2.40 
8. 77 
9.58 

8.48 
9.46 

a Composition of Ferritic Steels 

Mo 

1.41 
2.38 

0.97 
2.12 
0.80 

2.26 
2.13 

Ni 

0.04 
0.05 

0.24 

0.08 

0.07 

Si 

0.13 
0.01 

0.27 
0.30 
0.17 

0.30 
0.33 

Mn 

0.007 
0.001 

0.33 
0.53 
0.44 

1.16 
0.88 

Nb 

0.005 
0.005 

0.11 

0.51 
0.39 

V 

0.005 
0.002 

0.15 

0.22 
0.18 

Other 

0.46 W, 0.04 Ti, 
0.066 N 
0.042 N 
0.026 N 

steels would contain ~0.027 and 0.092 wt% carbon, respectively. The 
microstructure as well as the composition of the steel plays an important 
role in the carburization/decarburization behavior. For example, stabili
zing elements such as niobium and vanadium in Fe-9Cr-Mo steel (e.g., EM-12) 
increase the equilibrium carbon concentration in the steel for a given 
carbon activity of the sodium, as shown in Fig. 3b. 

The kinetics of carburization/decarburization of ferritic steels 
in static and dynamic sodium have been studied by numerous investiga
tors!-11,21-23 The extent of carburization or decarburization (expressed 
in terms of carbon loss per unit surface area of the steel, M) is a func
tion of temperature and sodium-exposure time, t, as defined by the para
bolic relationship 

k 
M = kt 2 , (3) 

where the carburization/decarburization rate constant, k, has an exponential 
dependence on reciprocal absolute temperature. 

Krankota and Armijo2 have analyzed available data on the decarbur~ 
ization of Fe-2¾Cr-1Mo steel in sodium and obtained "best fit" and "upper 
limit" curves for the decarburization rate constant. The upper limit 
curve as well as some of the more recent data on the decarburization of 
Fe-2¾Cr-1Mo steel a.re shown in Fig. 4. The scatter in the results arises 
from differences in the carbon-activity gradients between the steel and 
the sodium, which are produced by different initial carbon contents in the 
steel and/or the carbon content of the sodium. In principle, the data used 
to calculate the decarburization rate constant can be normalized with 
respect to these factors, from a knowledge of the carbon concentration
carbo.n activity relationship shown. in Fig. 2 and the carbon activity in 
sodium. However, at temperatures ~750 K, the initial heat treatment of 
Fe-2¾Cr-1Mo (e.g., normalized and tempered, annealed, or isothermally 
annealed) influences the carbide structure and consequently the decarburi
zation kinetics. Also, the carbon concentration in sodium in many inves
tigations was not determined experimentally. 
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Temperature Dependence of Decarburization 
Rate Constants for Fe-2¼Cr-1Mo Steel in 
Sodium. ANL Neg. No. 306-79-488, 

1.5 

The influence of heat 
treatment on the decarburiza
tion rate constant can be 
seen in Fig. 4. The values 
for the normalized and tem
pered material lie well below 
the upper limit curve, whereas 
the rate constants for the 
normalized or annealed mater
ial lie above or along the 
upper limit curve. Differ
ences observed in the rates 
of decarburization between 
normalized and normalized
tempered material result from 
variations in the carbon 
activity in steel that occur 
due to the different micro
structures and carbide phases 
which evolve during the ini
tial heat treatment. When 
exposed to high-temperature 
sodium, the material undergoes 
microstructural changes due 
to thermal aging and inter
stitial element transfer. The 
initial structure and subse
quent changes in the micro
structure play in important 
role in the kinetics of de
carburization. 

The carbide phases present in normalized steel are primarily M7C3 
and Mz3C6 with a small amount of MzC carbide whereas the normalized and 
tempered steel contains mostly Mz3C6 and M6C carbides. Thermal aging of 
the material at temperatures between 820 and 970 K leads to the formation 
of M6C carbide according to the sequence 

Bainite 

e: carbide cementite 

+ -+ cementite -+ + 

cementite 

Feraraite 
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When the Fe-2¾Cr-1Mo steel is exposed to sodium at high temperatures, car
bon loss from the material accelerates the formation of M6C. The M6C car
bides are considered to be resistant to decomposition because of their 
relatively stable thermodynamic state in contrast to M23C6 and M7C3. Con
sequently, the decarburization rate of normalized steel would be higher 
than that of normalized and tempered steel. The normalized steel will 
decarburize to a certain carbon level at each temperature corresponding to 
a stable carbide structure. Any additional decarburization will be slow 
because the decarburization rate will be controlled by the dissolution rate 
of the carbide phases in the ferrite matrix. A decrease in the decarburi
zation rate constant with time has been observed in isothermally annealed 
Fe-2¾Cr-1Mo steel after prolonged sodium exposure. 22 

The studies on the carbon-transfer behavior of Fe-9Cr-Mo steels in 
sodium show that these steels can either carburize or decarburize depending 
on the carbon activity in sodium. 9 , 10 , 21 The carburization or decarburi
zation rate constant can be obtained from the change in carbon concentra
tion per unit surface area of material exposed to sodium using Eq. 3. The 
temperature dependence of the rate constant is shown in Fig. 5. The results 
show that in the temperature range from 770 to 920 ~ the carburization/ 
decarburization rate constant is ~2 x 10-8 g/cm2 s1 2 . Similar values for 
the rate constant were reported by Menken et ai. 10 at 773 and 873 K. 
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The carburization/decarburization behavior of higher ... chromium 
ferritic steels is also very sensitive to the microstructure obtained 
during the initial heat treatment. Studies on the stability of carbide 
phases in various chromium.-.molybdenum steels24 - 26 show that the most stable 



carbides in Fe"9Cr"l to 2Mo steels are M23C6 and M6C. Analyses of carbides 
extracted from several Fe~9cr-Mo steels revealed that the M2X phase (a 
metal carbide/nitride phase), which forms during the initial heat treatment, 
was present in the microstructure. This phase is metastable at high tem
peratures and eventually transforms to M23C6 or M6C carbides with time. 
Steels containing M2X phase in the initial microstructure are prone to 
decarburization when exposed to sodium with low carbon activity. 21 

The transport of nitrogen into and out of ferritic steels in a 
sodium environment can occur independent of carbon migration. 8 , 9 The 
extent of nitrogen transfer in Fe-2¾Cr-1Mo and Fe-9Cr-Mo steels after ex
posure to sodium is shown in Figs. 6 and 7, respectively. The results 
for Fe-9Cr-Mo steels show that nitrogen loss from these steels is negligible 
at temperatures below 820 K. At higher temperatures, nitrogen loss in
creases with an increase in either the sodium-exposure temperature or time. 

1-
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O CAREK>N 
• NITROGEN 
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o 2 3 4 
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C. Mechanical Properties 

5 

Fig. 6 

Change in Carbon and Ni
trogen Concentrations in 
Normalized and Tempered 
Fe-2¼Cr-1Mo Steel after 
Exposure to Flowing So
dium (Ref. 8). ANL Neg. 
No. 306-79-489. 

The loss of carbon from Fe-2¾Cr-1Mo steel in a sodium environment 
leads to a reduction in mechanical strength. For components with inter
mediate section thicknesses (e.g., pipe), the decrease in strength is 
proportional to the depth of the decarburized layer. Maximum reduction in 
strength will occur in thin sections, namely, superheater and evaporator 
tubing. Therefore, for design of components with thin and intermediate 
section thicknesses, it is essential to establish long-term environmental 
effects and modify the allowable design stresses to ensure satisfactory 
performance of components over the expected service life. 

Ideally, the effect of sodium environment on the mechanical be
havior of structural materials should be evaluated from mechanical property 
data on material with specific depths of decarburized or carburized layer, 
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Fig. 7. Nitrogen Concentration-Distance Profiles in Fe-9Cr-Mo Steels 
after Exposure to Flowing Sodium at Temperatures between 
773 and 973 K (Ref. 8, 21). ANL Neg. Nos. 306-78-915 Rev. 1 
and 306-78~914 Rev. 1. 

which were established under known conditions, e.g., time, temperature and 
sodium purity. However, the current assessment of the change in mechanical 
behavior of Fe-2¾Cr-1Mo steel due to decarburization in a sodium environ
ment is primarily based on the mechanical-property data obtained from steels 
with low initial bulk carbon contents. 5 , 27- 30 These data are in a good 
agreement with results obtained from specimens which were decarburized in 
sodium to different bulk carbon contents. 31 - 35 The tensile and yield 
strengths of Fe-2¾Cr-1Mo steel with different carbon contents is shown in 
Fig. 8. The results indicate that the strength of steels with >0.03 wt% 
carbon is generally above the lower-limit curve recommended by the NSMH. 
Steels with ~0.01 wt% carbon exhibit poor tensile and yield strengths. 

The tensile and yield strengths of specimens which were exposed to 
elevated-temperature sodium prior to testing are given in Fig. 9. Decar
burization of the specimens causes a reduction in mechanical strength. 
Recent studies of the influence of thermal aging on the mechanical proper
ties of Fe-2¾Cr-1Mo steel show that age softening is a dominant character
istic of this steel. 36 Consequently, to establish the effect of a sodium 
environment on the mechanical properties it is important to evaluate the 
influence of thermal aging as well as decarburization. Figure 10 shows 
the change in mechanical strength of decarburized Fe-2¾Cr-1Mo steel as a 
function of bulk carbon content. The control data shown in this figure 
refer to specimens that were thermally aged in an inert atmosphere for 
identical time and temperature conditions. Decarburization progressively 
reduces the tensile and yield strengths of the steel. The data can be 
used to estimate the time-dependent reduction in tensile strength due to 
decarburization. Based on the decarburization kinetics shown in Fig. 4, 
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the total carbon loss for superheater tubing (~3 mm thick) during a design 
life of 105 hat 783 K.is approximately 0.025 wt%. This represents a 
strength reduction of ~10%. 

The influence of sodium environment on the creep .... rupture properties 
of Fe .... 2,¾cr ... lMo steel is due mainly to decarburization of the material, At 
temperatures below 870 K the creep-rupture strength of Fe"2¾Cr-1Mo steel in 
air and sodium environments is essentially the same, 35 Consequently, the 
sodium effect on creep-rupture properties of Fe-2¾Cr-1Mo steel can also be 
assessed from data on steels with low initial carbon contents. Figure 11 
shows a parametric plot of stress ... rupture ... strength data for Fe ... 2¾cr ... 1Mo 
steel with different bulk carbon contents. The creep-rupture strength for 
103 and 104 hat temperatures between 755 and 866 K is shown as a function 
of bulk carbon content in Fig. 12. These curves can be used to determine 
the reduction in the creep-rupture strength due to carbon loss in a sodium 
environment, as shown in Fig. 13. The rupture strengths of specimens that 
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were decarburized in a sodium environment to different bulk carbon contents 
are also plotted in Fig. 13 and show a good agreement with the computed 
curves. This analysis indicates that the reduction in creep-rupture 
strength for Fe-2¾Cr-1Mo steel superheater tubing during a service life of 
105 h in sodium at 783 K will be ~10%. The loss in bulk carbon content and 
the change in creep-rupture strength at different temperatures is plotted 
in Fig. 14 as a function of section or wall thickness of a component. The 
results show that the 105-h creep-rupture strength ratio for material with 
wall thicknesses >3 mm is >0.9. 
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In contrast to the tensile and creep properties, where the variation 
in mechanical strength is primarily due to decarburization rather than the 
sodium environment per se, the fatigue life of Fe-2¾Cr-1Mo steel tested in 
sodium is greater by a factor of 3 to 10 than when tested in air. 3~, 37 - 39 
The absence of surface oxidation in a sodium environment increases the fa
tigue life of the material. In oxidizing environments such as air or steam, 
the oxide scale which forms on the surface of the test specimen can influ
ence the crack-initiation process. However, the partial pressure of oxygen 
in a liquid-sodium environment is much lower than that of other test en
vironments and, therefore, surface oxidation effects are less likely to 
influence fatigue life in liquid sodium. 

The influence of sodium environment on the fatigue life of Fe-2¾Cr-
1Mo steel at temperatures of 755 and 811 K is shown in Fig. 15. Although 
the fatigue life of as-received material is greater in sodium than in air 
environment, the fatigue life of thermally aged or sodium-exposed specimens 
is 40% lower compared to the as-received material. 37 , 38 



10.0 

ISOTHERMAL ANNEAL 2 1/4 Cr-lMo STEEL (HEAT 3P5601) 
l TESTED IN AIR TESTED IN SODIUM 

it \ 755 K (482°C) 

<l -LL.I ' -C) 

' z 
<[ 
0:: 1.0 .......... z 

............ ~ 
0:: 

....... __ 
I-
II) -------...J 

i! o ISOTHERMAL ANNEAL 
0 AGED 5000 h AT 755 K 
I-

0.1 
102 

103 
104 

105 

CYCLES TO FAILURE 

~ /· 
~ ISOTHERMAL'-..,, 
~ ANNEAL "'-, 

2 1/4-IMo STEEL (HEAT 3P5601) 
TESTED IN SODIUM 
a11 K (53a 0 cl 

~ TESTED IN AIR .......... ll 

z 1.0 - ............. ~ ~ -..._,..__ 
f- ---U'l --F/F F/S S/F ---

ISOTHERMAL ANNEAL o I) • 
AGED 3000 h t> 

PREEXPOSED IN Na 3000 h o ll • 
0.1 ~-~~~~~-~~~~~~-~~~~~~___, 

I02 104 

CYCLES TO FAILURE 

(a) 

(b) 

Fig. 15. Fatigue-life Curves for Fe-2¼Cr-1Mo Steel 
Tested in Sodium at (a) 755 Kand (b) 811 K. 
Strain rates F and Sare 4 x 10- 3 and 
4 x 10-5 s- 1 , respectively (Refs. 37, 38), 
ANL Neg. Nos. 306-79-497 and 306-79-498. 

The creep-fatigue interaction for Fe-2¾Cr-1Mo steel has also been 
investigated37 in a sodium environment using a sawtooth waveform in which 
strain rates during the tensile and compressive half of the fatigue cycle 
differ by a factor of 100. Initial results from these tests are shown in 
Fig. 15. The fatigue life of isothermally annealed and sodium-exposed 
specimens t~sted under fast-slow conditions (similar to compressive hold
time tests) is approximately the same as that for specimens tested under 
continuous cycling, whereas the fatigue life under slow-fast conditions 
(similar to tensile hold-time tests) is a factor of ~2 lower, This behavior 
for Fe-2¾Cr-1Mo steel in a sodium environment is opposite to that in air, 
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where compressive hold time was found to be more damaging than tensile hold 
time at low strain ranges (<1%).40,41 

Data on the effect of sodium environment on the mechanical proper
ties of Fe-9Cr-Mo steels are sparse. The tensile and creep-rupture 
strengths for various Fe-9Cr-Mo steels tested in air are shown in Figs. 16 
and 17, respectively. 42 , 46 Most of the results were obtained on normalized 
and tempered Fe-9Cr-Mo steels; however, the lower-limit tensile-strength 
curve for Fe-2¾Cr-1Mo steel (NSMH) and the DS58 minimum creep-strength 
curve for Fe-9Cr-Mo steel are for annealed material. In Section II.B. it 
was shown that under typical temperature and sodium-purity conditions, the 
Fe-9Cr-Mo steels tend to carburize. Consequently, the effect of sodium on 
the mechanical properties of Fe-9Cr-Mo steels should be similar to that of 
the Types 304 and 316 stainless steel. In general, moderate carburization 
improves the tensile and creep-rupture strengths of austenitic stainless 
steels. Limited results indicate that sodium environment has virtually 
no effect on either the tensile or creep-rupture strengths of Fe-9Cr-Mo 
steels. 14 , 47 , 48 Carburization of Fe-9Cr-Mo steel in sodium increases creep 
endurance in short-term tests but causes a significant decrease in rupture 
ductility. 49 From this limited evidence, it can be concluded that the 
sodium environment will have no significant effect on the mechanical 
strength of Fe-9Cr-Mo steels at temperatures below 820 K. 
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The fatigue life of ferritic steels, in general, is better in 
sodium than in air. Although the fatigue behavior of Fe-9Cr-Mo steel in 
sodium has not been investigated, the fatigue life in a helium environment 
is 10% higher than that in air (Fig. 18). 50 Data on the effect of sodium 
environment on the mechanical behavior of Fe-9Cr-Mo steels are needed to 
establish the performance limits for components fabricated from this 
material. 

III, BEHAVIOR OF AUSTENITIC STAINLESS STEELS IN SODIUM 

Austenitic stainless steels, e.g., Type 304, 316, and 321, have 
been selected for core components, piping, and superheater and reheater 
units in LMFBRs on the basis of adequate corrosion resistance and higher 
allowable design stresses than fe,rritic steels at temperatures above 770 K. 
The susceptibility of austenitic steels to stress-corrosion cracking in 
the presence of chlorides in the steam generator and intergranular cracking 
in a caustic environment, which could result from water leaks, is an impor
tant consideration in the selection of the material for sodium-to-water 
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heat exchangers. Potential problems can be minimized by good design and 
fabrication practice, adequate treatment of the feedwater, and by modular 
concept for the superheater units. 

A. Corrosion 

The corrosion behavior of austenitic stainless steels in a liquid
sodium environment is well documented over the temperature range from 720 
to 1030 K, oxygen content of 1 to 30 pfm in the sodium, and sodium veloci
ties between 0.1 and 12 m/s. 12 • 13 • 17 , 5 -sa In general, the corrosion rate 
for austenitic stainless steels reaches a steady-state value after an ini
tial period of rapid metal loss. The steady-state corrosion rate increases 
exponentially with temperature and linearly with oxygen content and sodium 
velocity up to ~3 m/s. The corrosion rate becomes independent of velocity 
at the higher values. Corrosion results from investigations in the UK, 
Netherlands, France, Japan, and the USA were used to obtain the corrosion
rate correlations for Type 316 stainless stee157 shown in Fig. 19. These 
data refer to steady-state corrosion rates determined at locations of max
imum corrosion, i.e., maximum upstream position. The downstream or posi
tional effect, metallurgical condition of the material (e.g., annealed or 
cold-worked), and minor variations in the nickel, chromium, niobium, or 
titanium contents of the stainless steels have relatively little influence 
on the corrosion rates in comparison with the temperature, oxygen content 
and velocity of the sodium. 

The most notable structural change in stainless steels exposed to 
liquid sodium is the formation of a 10- to 20-µm-thick ferrite layer at 
the surface due to preferential leaching of chromium and nickel from the 
steel. The ferrite-layer thickness as well as the corrosion rate attains 
a steady-state value after an initial corrosion period, i.e., the flux of 
chromium and nickel across the austenite/ferrite interface is approximately 
equivalent to that across the metal/sodium interface at an early stage of 
the process (~500 to 1000 h). 



TEMPERATURE (°Cl 

10-2~~-~~-~-~~-~~-~-~~~ 
0.9 LO I.I 1.2 1.3 1.4 1.5 

1000/T (Kl 

Fig. 19 

Effect of Temperature on 
the Corrosion Rate of 
Type 316 Stainless Steel 
in Flowing Sodium. ANL Neg. 
No. 306-79-504. 

The corrosion rates shown in Fig. 19 do not incorporate the influ
ence of high heat flux. A recent corrosion study performed under high 
axial-temperature gradient (dT/dL) conditions (corresponding to a heat flux 
of ~1600 kW/m2) 55 has shown an enhancement over the predicted corrosion 
rates by a factor of 1.5 to 2.0. Consideration of probable mechanisms for 
the corrosion process suggests that under high axial-temperature gradients, 
the temperature of sodium in the vicinity of the steel is raised so rapidly 
that the liquid is undersaturated with respect to the corrosion products. 
This results in a high corrosion potential and an increase in corrosion 
rate. 

B. Interstitial Transfer 

Transfer of interstitial elements such as carbon and nitrogen in 
liquid sodium/stainless steel systems has been investigated in detail at a 
number of laboratories. 7 , 17, 59 - 74 Both decarburization and carburization 
of austenitic stainless steels, viz., Types 304 and 316 with initial carbon 
contents of 0.05 to 0.07 wt%, have been observed. The transfer of carbon 
into or out of stainless steels depends on the temperature and the carbon 
concentration in the sodium (i.e., the carbon activity in sodium). Based 
upon experimental data, two different approaches have been used to predict 
the kinetics of the carburization/decarburization process for austenitic 
stainless steels relative to the time, temperature, and carbon concentration 
in sodium. One method employs a one-dimensional diffusion equation with 
semi-infinite boundary conditions and an effective diffusion coefficient 
for carbon to predict carbon penetration profiles in the steel as a function 
of time and temperature. 65 - 69 This analysis is similar to that used for 
the kinetics of carburization/decarburization behavior of ferritic steels. 
Effective diffusion coefficients for the transfer of carbon in stainless 
and ferritic steels exposed to a sodium environment are shown in Fig. 20. 
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Fig. 20 

Effective Diffusion Coefficients 
for Carbon Transfer in Austen
itic and Ferritic Steels in a 
Sodium Environment. ANL Neg. 
No. 306-79-505. 
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In the temperature range of 770 to 920 K the effective diffusion coeffi
cient for carbon in stainless steels is lower than that of Fe-2¾Cr-1Mo 
steel but is somewhat higher than for the Fe-9Cr-Mo steel. The major draw
back of this approach is that the effective diffusion coefficient varies 
with the bulk carbon content of the steel and also depends on the carbon 
gradient in the steel. 

The other method for analysis of the carburization/decarburization 
of stainless steels in sodium utilizes thermodynamic information to estab
lish the relationship between carbon activity and carbon concentration in 
the stee170 , 71 and in liquid sodium. Also, the kinetics of the carburiza
tion/decarburization process were expressed relative to carbon diffusion and 
carbide precipitation in the steel. 72 The conditions of temperature and 
carbon concentration in sodium that result in either carburization or de
carburization of Type 304 and 316 stainless steel (with nominal initial 
carbon contents) are shown in Fig. 21. The results indicate that in a 
sodium environment containing 0.2 ppm carbon, Types 304 and 316 stainless 
steel would carburize at temperatures below 940 and 900 K, respectively. 
The influence of time, temperature, carbon concentration in sodium, and 
thermal-mechanical treatment on the carburization/decarburization behavior 
of Type 304 and 316 stainless steel is represented by the carbon concentra
tion-penetration-temperature diagrams shown in Fig. 22. The region of 
maximum carburization is indicated by line A, and the penetration depth for 
the transition between single-phase austenite and a two-phase austenite plus 
carbide mixture is represented by line B. The variation of the carbon con
centration at the surface of the steel with temperature is shown in the 
plane corresponding to zero penetration in the material. 
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Fig. 21. Carburization-Decarburization Regimes for Types 316 
and 304 Stainless Steel Relative to Temperature and 
Carbon Concentration in Sodium (Ref. 73). Neg. No. 
MSD-62604. 

This mathematical analysis of the carburization/decarburization 
process of austenitic stainless steels has been used to assess carbon trans
port and the steady-state carbon concentration in sodium for large heat
transport circuits. 73 In sodium loops the structural material acts as the 
source or sink for carbon, depending upon the temperature and material 
composition. In addition, routine maintenance operations and leaks in com
ponents (e.g., pumps) can result in an ingress of carbonaceous material to 
the sodium directly or via the cover-gas system. From a knowledge of the 
ability oi the system material to getter carbon and from the estimates of 
contamination rate for carbonaceous materials, it is possible to evaluate 
the steady-state carbon concentration in sodium and the overall carbon trans
port in the system. The relationship between the carbon contamination rate 
and the steady-state carbon concentration in the sodium for the FFTF and 
EBR-II primary-sodium systems is given in Fig. 23. The carbon concentration 
in the EBR-II primary sodium has increased from 0.11 to 0.22 ppm over the 
past 6 ;ears,* as determined from periodic equilibrations of steel foils in 
sodium. ~ The information in Fig. 23 indicates that a carbon contamination 

*Values are reported in Argonne National Laboratory Reactor Development 
Program Progress Reports. 
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Fig. 22. Effect of Temperature on the Carburization-Decarbur
ization Behavior of Austenitic Stainless Steels. 
Carbon concentration vs distance profiles in solution
annealed Type 304 stainless steel exposed to sodium, 
containing 0.017 pum carbon, for (a) 4000 hand 
(b) 10,000 h; carbon concentration vs distance pro
files in (c) solution-annealed and (d) 20% cold-
worked Type 316 stainless steel after 10,000-h ex
posure to sodium containing 0.13 ppm carbon. (Ref. 72). 
Neg. Nos. MSD-58339, 58240, 58564 and 58565. 

rate of ~250 to ~300 g/y would result in such carbon levels in sodium. The 
low operating temperatures coupled with relatively minor contamination of 
the sodium by carbonaceous material have resulted in minimal composition 
changes in the austenitic steels in this circuit. 

An analysis based on an effective diffusion coefficient has been 
used to determine the kinetics of nitrogen transfer in sodium/stainless 
steel systems. In general, stainless steels pick up nitrogen at tempera
tures below ~810 Kand lose nitrogen at higher temperatures. 68 The extent 
of nitrogen transfer depends on the sodium chemistry, temperature, and the 
purity of the argon cover gas used in liquid-sodium systems. For example, 
the cover gas typically contains 0.25 to 0.5 vol% nitrogen as an impurity. 
Consequently, nitridation of materials in the cover-gas region of sodium 
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systems can be a potential problem. The effective diffusion coefficient 
for nitrogen in stainless steels is shown in Fig. 24. 

Fig. 24 

Effective Diffusion Coeffi
cient for Nitrogen Transfer 
in Austenitic Stainless Steels 
in a Sodium Environment. 
ANL Neg. No. 306-79-506. 
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C. Mechanical Properties 

The influence of carburization/decarburization on the mechanical 
properties of austenitic stainless steels has been the subject of numerous 
investigations. Tensile and creep-rupture data have been obtained from 
materials which were carburized in sodium to produce specific carbon-pene
tration depths. At temperatures between 670 and 1070 K the ultimate ten
sile elongation decreases with an increase in carbon concentration in the 
material. 33 , 47 , 75 -ao Figures 25-27 show the variation in the ultimate 
strength, uniform elongation, and total elongation for Types 304 and 316 
stainless steel after exposure to a sodium environment at temperatures 
between 700 and 970 K. For these tests, the depth of carbon penetration 
in the specimens varied from 0.1 to 0.3 nnn and the increase in average bulk 
carbon concentration of these specimens was up to 0.2 wt% for Type 316 
and 0.15 wt% for Type 304 stainless steel. The effect of sodium exposure 
on the tensile properties is greater at lower temperatures because of the 
greater pickup of carbon at these temperatures. 

CreepMrupture data for austenitic stainless steels carburized in a 
sodium environment show an increase in rupture life and a decrease in mini
mum creep rate when compared with annealed material. 81 , 85 Type 316 stain
less steel exposed to sodium at 823 K is an exception to this behavior, 
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i.e., a small decrease :ln ruoture life occurs due to carburization. 85 

Tests performed in sodium indicate that the environment itself has little 
or no effect on creep ... rupture behavior of stainless steels. 84 The influence 
of carburization on the creep.-.rupture properties of Types 304 and 316 stain
less steel is shown in Figs. 28 and 29, respectively, for the temperature 
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Fig. 28 

Variation of Time to 
Rupture and Minimum 
Creep Rate with Applied 
Stress for Type 304 
Stainless Steel at 973, 
923, and 873 K. 
Carburization depths: 
6. = 100 µm, 0 = 
200 µm, and O = 375 µm. 
0 = solution annealed 
(Ref. 85). Neg. No. 
MSD-62387. 
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range from 820 to 970 K. The results show an increase of 15 to 30% in the 
105-h creep-rupture stress for carburized material. Microstructural exami
nation of the creep-tested specimens indicated that carburization of the 
material inhibits intergranular failure that is generally observed in 
austenitic steels at low strain rates,79 

Although carbon, nitrogen, and boron increase the tensile and creep
rupture strengths of austenitic stainless steels,86- 88 the strengthening 
effects of these interstitial elements cannot be realized in material ex
posed to high-temperature sodium (~870 K). The limited data available on 
stress-rupture life of austenitic stainless steels .after exposure to high
temperature sodium show a reduction in the creep-rupture life and creep 
ductility, when compared to the control tests in helium.81 The decrease in 
the creep-rupture properties was attributed to the changes in the micro
structure and the formation of sigma phase as a result of the loss of carbon 
and nitrogen from the steel. Sigma phase in Type 316 stainless steel has 
been known to cause a degradation of mechanical properties. 

Investigations of the effect of thermal aging on the microstructural 
changes in stainless steels via time-temperature-precipitation (TTP) dia
grams have shown that the stability of intermetallic phases, such as sigma 
phase, increases with a decrease in either carbon or nitrogen concentrations 
in austenitic stainless steels.89 • 90 TTP diagrams and data on the influence 
of interstitial elements on the mechanical properties provide a basis for 
comparison of the tensile and creep-rupture properties of stainless steels 
in air, inert gas, and sodium environments.75 The results indicate that 
sodium per se does not alter the tensile and creep-rupture properties. The 
changes in microstructure and mechanical properties that result when stain
less steels undergo decarburization in sodium are quite similar to those ob
served when low-carbon heats of these steels are exposed to the same thermal 
treatment. Decreases in carbon and nitrogen concentrations in Types 304 and 
316 stainless steel during ex5osure to high-temperature sodium result in a 
25 to 35% reduction in the 10 -h creep-rupture strength. 

Investigations of the effect of sodium on the low-cycle fatigue proper
ties of stainless steels indicate that both the environment and micro
structural changes due to sodium exposure influence the fatigue life.91 - 95 

Figure 30 shows the fatigue life of Types 304 and 316 stainless steel in 
sodium at 823, 873, and 973 K. The results indicate that the fatigue life 
of Type 316 stainless steel is a factor of 3 to 10 greater in sodium than in 
air, whereas the fatigue life of Type 304 stainless steel does not differ 
substantially in the two environments. The difference between the data for 
Type 316 stainless steel obtained at ANL and at WARD is believed to be due 
to different initial heat treatments. Results from both studies show a 
beneficial effect of the sodium environment in relation to results obtained 
in air (Fig. 30b). Thermal aging or sodium exposure has a minimal effect on 
the fatigue life of Type 316 stainless steel. At 873 and 973 K the fatigue 
life of Type 304 stainless steel in the sodium-exposed and thermally aged 
conditions is greater than that of solution-annealed material. 
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Fig. 30. Fatigue-life Curves for Types 304 and 316 Stainless Steel Tested 
in Air and Sodium at Temperatures between 811 and 973 K. (Data 
obtained from Refs. 91-95.) ANL Neg. Nos. 306-79-507, 306-79-
508, and 306-79-509. 

The creep-fatigue interaction behavior of stainless steels in a sodium 
environment has not been evaluated. Fatigue life for Type 304 stainless 
steel at a strain rate of 4 x 10-5 s-1 in sodium at 873 K is shown in 
Fig. 30b. These results indicate that the effect of strain rate on fatigue 
life in a sodium environment is similar to that observed in air, i.e., the 
fatigue lifetime decreases with a decrease in strain rate. 

The effect of sodium environment on fatigue-crack growth of Type 304 
stainless steel has been investigated. 96 The results show that the fatigue
crack growth rates in sodium at 700 and 811 Kare considerably lower than in 
an air environment at the same test temperatures (Fig. 31). Crack-growth 
rates at these temperatures are approximately the same as those for tests 
conducted in room-temperature air. A temperature-independent fatigue-crack 
growth rate in sodium indicates that the thermally activated component of 
crack growth observed in an air environment may be due to an environmental 
interaction. An increase in crack-growth rates (i.e., decrease in fatigue 
life) in an air environment as the temperature increases or as the strain 
rate decreases has generally been attributed to a "creep component" or to 
creep-fatigue interaction and not to environmental effects. Additional data 
are required to evaluate the effect of a sodium environment on creep-fatigue 
interacti_on of stainless steels. 
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Fig. 31. Fatigue Crack-propagation Behavior of Annealed Type 304 
Stainless Steel in Sodium at 700 K (replotted from data 
in Ref. 96). ANL Neg. No. 306-79-510. 

IV. BEHAVIOR OF ALLOY 800 IN SODIUM 

Alloy 800 has also been used in the construction of sodium-heated steam 
generators. This alloy has a greater resistance to stress-corrosion crack
ing in caustic- or chloride-contaminated aqueous environments than austeni
tic stainless steels and has better elevated-temperature strength and re
sistance to sodium-water wastage damage than ferritic Fe-2¼Cr-1Mo steel. 
Alloy 800 is used extensively in construction of components in chemical and 
petrochemical process plants and has accumulated favorable service experience 
as a superheater tube material both in fossil-fueled power plants and in 
high-temperature gas-cooled reactors (HTGRs). 97-lOO Alloy 800 has also been 
used for steam-generator tubes in pressurized-water reactor (PWR) and pres
surized-heavy-water reactor (PHWR) power plants. 101 , 102 However, informa
tion on the sodium-corrosion behavior and the effect of sodium exposure on 
the mechanical properties of Alloy 800 is limited. 

A. Corrosion 

The corrosion behavior of Alloy 800 in flowinf sodium is similar to 
that of the austenitic stainless steels. 18 , 53 , 103 - 06 For example, after an 
initial corrosion period the metal loss is linear with time, i.e., the cor
rosion rate reaches a steady-state value. Available data on the corrosion 
rate for Alloy 800 in sodium at temperatures between 873 and 990 Kare 
shown in Fig. 32. The corrosion rates are approximately 2-3 times higher 
than those for Type 316 stainless steel. However, the test temperatures are 
relatively high and additional data at lower temperatures are required to 
establish the temperature dependence of the corrosion rate for Alloy 800. 
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Fig. 32. Corrosion-rate Data for Alloy 800 in Flowing Sodium 
at Temperatures between 870 and 990 K. ANL Neg. 
No. 306-79-511. 

Several important differences have been noted between the micro
structural changes in Alloy 800 and stainless steel after exposure to a 
high-temperature sodium environment. When exposed to sodium at 977 K, Alloy 
800 is susce8tible to subsurface void formation and grain detach
ment.18,53,1 5, 106 The size and depth of penetration of the cavities in
crease with sodium-exposure time. In general, the cavities initiate at the 
sodium-exposed surface and tunnel into the material along grain boundaries to 
depths of ~100 to 130 µm from the surface. X-ray analyses of the surfaces 
show progressive loss of substitutional elements, e.g., chromium, nickel, 
and manganese, as the exposure time increases. Surface-element depletion 
in stainless steel leads to the formation of an iron-rich ferritic layer; 
however, a ferrite layer has not been observed in Alloy 800 specimens. 

At present, the mechanism and the range of conditions for the formation 
of subsurface cavities are not well established. Subsurface cavities have 
been observed in other stabilized alloys, e.g., Types 321 and 347 stainless 
steel, but not in the unstabilized Types 304 and 316 stainless steel. In 
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general, the corrosion rates are higher for the stabilized than for the un
stabilized steels under equivalent test conditions. 107 Figure 33 shows the 
subsurface structure of three steels after exposure to sodium at 977 K for 
15,726 h. In recent work at CEA, 5-µm-deep cavities were observed after 
exposure to sodium at 883 K for 10,000 h. 106 Figure 34 shows that the depth 
of penetration (P) of the subsurf,ce cavity follows a parabolic relationship 
with time (t), i.e., P = 0.864 t 1 2 . This behavior indicates that the pro
cess of cavity formation is diffusion controlled. Further studies are re
quired to establish the validity of this relationship over a wider tempera
ture range and to determine whether cavity formation occurs after longer 
sodium-exposure times at lower temperatures. 

B. Interstitial Transfer 

Information on the carburization/decarburization behavior of Alloy 800 
is sparse. 104 ,lOS,lOS The equilibrium carbon concentration for Alloy 800 
has been obtained at various carburizing potentials in sodium at temperatures 
between 866 and 1033 K. 108 Data for the equilibrium carbon concentration 
are shown in Fig. 35 as a function of carbon activity in sodium. The values 
of carbon activity were obtained from the equilibrium carbon concentration 
in Type 304 stainless steel specimens, which were exposed with Alloy 800, 
and the carbon concentration-carbon activity relationship for Type 304 stain
less steel. 71 , 72 These results indicate that an alloy with a nominal carbon 
concentration of 0.07 wt% will decarburize at temperatures above ~890 and 
980 K when exposed to sodium containing ~O.O5 and 0,20 ppm carbon, respec
tively; and will carburize at lower temperatures. The equilibrium carbon 
concentrations predicted by this relationship, however, are a factor of 3 
lower than the surface carbon concentrations observed in Alloy 800 specimens 
exposed for 10,400 hat 873 and 973 Kin sodium containing 0.2 ppm car
bon.104 The change in bulk carbon concentration of Alloy 800 after exposure 
to sod!F at 977 K for times up to ~11,400 h105 yields values of 2 to 
8 x 10 g/cm2sl/2 for the carburization rate constant. Additional data on 
carburization/decarburization behavior are required to establish the equili
brium carbon concentration-carbon activity relationship and the temperature 
dependence of the rate constant for Alloy 800. 

Material: Type 304 Type 321 Alloy 800 

Fig. 33. Microstructures of Several Alloys after Exposure to 
Flowing Sodium for 15,726 hat 980 K (Ref. 105). 
Permission has been granted by the copyright holder 
for reproduction of this figure. 
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Mechanical Properties 

Current knowledge of the effect of sodium exposure on the mechanical 
properties of Alloy 800 is quite limited. Uniaxial creep-ru~ture tests have 
been conducted either on tube specimens filled with sodium10 ,llO or on 
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flat-notch specimens in static sodium. 111 The results in Fig. 36 show that 
at 973 K, the creep-rupture life and ductility are significantly reduced in 
sodium when compared to those in an air or inert-gas environment. The prin
cipal effect of the sodium environment was to greatly reduce the time of 
tertiary creep for the tube specimens and to change the mode of creep fail
ure from transgranular to intergranular cracking for the notch specimens. 
Tensile tests in static sodium at 973 K show considerable intergranular 
cracking and a reduction in tensile strength and elongation. 111 These tests 
were conducted in sodium of unspecified purity and the mechanical properties 
were not related to the structural and compositional changes that occur in 
the material during exposure to the environment. Data are not available on 
the effect of long-term sodium exposure on the mechanical properties of 
Alloy 800. 
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Fig. 36. Creep-rupture Behavior of Alloy 800 in Sodium and 
Argon Environments. ANL Neg. No. 306-79-514. 

V. SPECIAL CONSIDERATIONS 

Tube Wastage by Na-H2o Reactions 

The relative resistance of materials to wastage or accelerated corro
sion by products from the sodium-water reaction, in the event of a leak in 
the steam generator, has been investigated. Ingress of high-pressure steam 
or water into sodium causes a vigorous exothermic reaction and high temper
atures (~1400 to 1700 K) in the vicinity of the leak. To ensure safe and 
reliable operation of sodium-heated steam generators, systems are incor
porated for rapid detection of sodium-water reaction (e.g., oxygen and hy
drogen meters in the sodium and cover gas), pressure relief (e.g., rupture 
discs), and cleanup of the reaction products (e.g., cold traps). However, 
the steam generator tubes must have sufficient resistance to wastage to 



provide adequate time for detection of a small leak and shutdown of the 
system to minimize damage to adjacent tubes. 

Three distinct damage mechanisms have been postulated during sodium
water reactions. A turbulent flame, which rapidly penetrates adjacent tubes, 
is associated with impingement wastage. For small leaks, damage to adjacent 
tubes may not occur; however, the leaking tube will undergo self-wastage. 
Higher than normal corrosion rates for system materials can also result from 
circulation of reaction products (i.e., sodium oxide and hydroxide) through 
the system. Considerable research effort has been expended to develop a 
quantitative understanding of wastage damage and sodium-water reac
tions106,118,119 since the phenomena were encountered in the FERMI steam 
generators. Investigators at Atomic Power Development Associates (APDA) 
performed numerous wastage experiments and provided the first quantitative 
data for damage rates associated with small leaks. 112 The results showed 
that leak rate, tube spacing, and sodium temperature were important varia
bles in the wastage process. In general, the wastage rate of a material in 
stagnant sodium increases with an increase in the leak rate over a wide 
range (e.g., 0.005 to 500 g/s), whereas in flowing sodium, the wastage rate 
reaches a maximum at a leak rate of 'v5 g/s and then decreases at higher leak 
rates. 112 The maximum penetration rate for Fe-2\Cr-lMo steel in flowing 
sodium was 'v80 µm/s at 588 K. The penetration rate decreases with either an 
increase in the leak-to-target distance (tube spacing) or a decrease in the 
sodium temperature. 112,116,117 

Several theories have been developed that provide insight into the 
phenomenon of impingement wastage and a basis for correlation and extrapo
lation of results obtained from different experimental facilities. Experi
mental observations of material wastage have been explained on the basis of 
combustion-flame theory. 113 , 116 Another approach utilizes the kinetics of 
the sodium-water reaction to calculate the reaction-jet temperature as a 
function of leak rate, tube spacing, and sodium temperature. 117 Wastage 
rates based upon calculated jet temperatures are shown in Fig. 37. 

The relative wastage resistance of Type 304 stainless steel, Alloy 800, 
and Fe-2\Cr-lMo steel from water-injection tests is shown in Tables III116 
and IV. 118 , 119 The results indicate that Alloy 800 has a greater resistance 
to wastage than austenitic stainless steel and that the latter material is 
more resistant than ferritic steels. The resistance of Alloy 800 and Type 
304 stainless steel increases markedly as the temperature decreases; how
ever, the wastage rate of the Fe-2\Cr-lMo steel does not exhibit a large 
temperature dependence. Another study on Alloy 800 and the Fe-2\Cr-lMo 
steel at 616 and 783 K, with a water-injection rate of 0.5 ml/sand a jet
to-specimen distance of 20 mm, yielded similar results. 14 

With a relatively large tube spacing (~12.5 mm) and. low leak rates 
(~0.05 g/s), impingement wastage may not occur; the primary mode of damage 
then involves self-wastage. Under theie conditions, small leak~ frequently 
plug from the buildup of reaction products in and immediately around the 
defect. However, small leaks that self-plug can spontaneously open and 
grow. 114- 116 A plausible mechanism for unplugging involves transport of 
sodium to the steam side of the tube and the formation of sodium hydroxide, 
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Fig. 37. Log Penetration Rate versus Reciprocal Jet Temperature 
for (a) Fe-2¼Cr-1Mo Steel and (b) Fe-2¼Cr-1Mo Steel and 
Stainless Steel (Ref. 117). ANL Neg. No. 306-79-515. 

TABLE III. Wastage Resistance of Candidate Materials Relative 
to the Fe-2¼Cr-1Mo Alloy at 733 Ka (Ref. 116) 

Material 

Fe-2\Cr-lMo 

Type 304 SS 

Alloy 800 

Sodium Temperature 

733 K 

1 

4 

6 

613 K 

2.5 

30 

100 

aAll tests performed in flowing sodium at 
water/steam injection rates up to 0.6 g/s 
and injector-to-target spacings between 
3 and 35 nun. 



TABLE IV. Penetration Rate and Comparative Wastage Resistance of 
Candidate Materialsa (Refs. 118 and 119) 

Penetration Rate, Mass Loss, 
Material mm s-1 g Resistance Ratio 

Fe-2½;Cr-1Mo 2.5 ± 0.3 X 10-3 o. 356 1.0 

Fe-9Cr-1Mo 2.1 ± 0.6 X 10-3 0.256 1.2 

Type 316 SS 8.0 ± 3.1 X 10-4 0.121 4.0 

Alloy 800 6.3 ± 3.1 X 10-4 0.0144 5.2 

aAll tests performed with controlled sodium-water reaction flames at 
temperatures between 1173 and 1273 K. 

which attacks the base metal around the defect. The corrosion process 
eventually dislodges the plug and leakage of steam into the sodium occurs 
at a high rate. 

Often, small leaks are present for an extended period of time and then 
rapidly increase in size. 113- 116 The relationship between the initial leak 
rate and the time for sudden enlargement is shown in Fig. 38. The two curves 
for Fe-2½;Cr-1Mo steel are based upon different leak geometries. The French 
data were obtained for leaks produced by fatigue cracking, whereas in the 
US study, the leaks were produced by drilling and swaging the tube. The 
results indicate that the self-wastage rate for austenitic stainless steel 
is higher than that of the Fe-2½;cr-1Mo alloy at high leak rates, but is 
lower at very low leak rates. The difference in the self-wastage behavior 
of the two materials under high-leak-rate conditions has been attributed to 
the poor thermal conductivity of the stainless steel. 116 A relatively low 
thermal conductivity would result in a higher temperature, and consequently 
a higher wastage rate. When the leak rate is very low, the heat-generation 
rate is small for both materials and the wastage rate is determined primarily 
by the kinetics of the corrosion process. The sudden enlargement of small 
leaks has been explained on the basis of caustic attack of the steel. 115 , 116 

As the leak continues, a conical pit forms in the tube wall. When the pit 
reaches the steam side, the cross-sectional area of the leak changes rapidly 
from that of the original defect and gives rise to the observation of a 
sudden increase in the leak rate. 

B. Thermal-striping Phenomena 

Thermally induced cylic straining should be cons.idered in the design of 
components that operate at elevated temperatures. Solar plants will undergo 
at least one major startup and shutdown cycle per day, with the likelihood 
of additional thermal cycles imposed by intermittent cloud cover and un
scheduled maintenance and repair. Thus, critical structural components may 
be expected to accumulate tens of thousands of thermal-strain cycles over a 
30-year design life. In addition, rapid thermal-strain cycles can occur in 
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liquid-sodium heat-transport systems from turbulent mixing of sodium at dif
ferent temperatures, a phenomenon tenned "thennal striping". For example, 
the outlet temperatures of the sodium in adjacent fuel assemblies in fast
breeder reactors may differ by up to 100 K. The rapid mixing of sodium may, 
therefore, result in substantial temperature fluctuations on surfaces of 
upper internals, or the above-core structure, in the reactor. In solar 
central-receiver power plants, differences in sodium outlet temperature 
could occur from nonuniform absorption of heat in various regions of the 
central receiver. The frequency of the strain c8cles due to thennal striping 
is typically of the order of 1 Hz; therefore, 10 or more cycles may be 
accumulated over the service life of power-plant components. 

Under thermal striping conditions, the largest strain range is exper
ienced at the surface of components. Even relatively small temperature 
changes of ~50 to 100 K can cause surface yielding and initiate surface 
cracks. In the absence of additional mechanical loads or constraints the 
propagation of a crack depends on the stress-strain field in the bulk mater
ial induced by the temperature transient and propagation becomes increasing
ly difficult as significant crack penetration occurs. 12° Component failure 
analysis under thermal-striping conditions is complex and requires data on 
strain-controlled fatigue properties in the high-cycle regime and crack
propagation rates in materials in both sodium and air environments. 



VI. RECOMMENDATIONS FOR FUTURE WORK 

Information on the behavior of materials in a high-temperature sodium 
environment has increased significantly during the past 15 years. An ade
quate data base for metallic- and nonmetallic-element transfer has been 
developed for sodium circuits constructed of austenitic stainless steels 
(Types 304, 316, and 321) and the Fe-2\Cr-lMo ferritic steel. Quanti-
tative data on the compositional and microstructural changes in these mate
rials as well as correlations between the corrosion rate and temperature, 
sodium purity, and sodium velocity have been obtained. Additional compati
bility data are required to augment the data base for Alloy 800 and 
Fe-9Cr-1Mo ferritic steel relative to their performance in a high-temperature 
sodium environment. 

Ongoing LMFBR programs in 
vide information on the effect 
erties of structural materials. 
vide the following results: 

this country and abroad will continue to pro
of sodium environment on the mechanical prop

It is hoped that these programs will pro-

1. Longer-term creep-rupture data on sodium-exposed materials 
to confirm extrapolations of short-term results. 

2. Longer-term fatigue, creep-fatigue, and crack-propagation 
data obtained from tests in well-characterized flowing 
sodium. The results can be used to evaluate and improve 
existing models for damage accumulation in materials under 
cyclic-loading conditions and to distinguish "true" deforma
tion properties from environmental effects that arise during 
oxidation of specimens in an air environment. 

3. Fatigue and creep-fatigue properties of weldments in a 
sodium environment after long-term sodium exposure and 
thermal aging. 

4. High-cycle (~1 Hz) fatigue properties of materials to pro
vide a more quantitative data base to evaluate the effects 
of "thermal striping" and flow-induced vibration on com
ponent performance. 

A larger data base coupled with more quantitative deformation models, 
failure criteria and component design rules will result in a better assess
ment of performance limits and component reliability. 
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APPENDIX B 

Table B-I. Temperature Conversion Table 

K cc OF K cc OF -
300 27 80 725 452 845 

325 52 125 750 477 890 

350 77 170 775 502 935 

375 102 215 800 527 980 

400 127 260 825 552 1025 

425 152 305 850 577 1070 

450 177 350 875 602 1115 

475 202 395 900 627 1160 

500 227 440 925 652 1205 

525 252 485 950 677 1250 

550 277 530 975 702 1295 

575 302 575 1000 727 1340 

600 327 620 1025 752 1385 

625 352 665 1050 777 1430 

650 377 710 1075 802 1475 

675 402 755 1100 827 1520 

700 427 800 1125 852 1565 
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