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CORROSION OF TYPE 316 STAINLESS STEEL M NaK SERVICE 

A LITERATURE SURVEY 

by 

C. A.  Zimmerman 

ABSTRACT 

»A literature survey of work on corrosion of stainless steel, 

especially Type 3l6> "by NaK and sodium has been made, based on information 

available through September, 196k.    In general, the Type 316 and Type 30J+ 

stainless steels should give good performance with WaK. The mechanisms 

which can lead to failure are attack by impurities at temperatures under 

550°C, and carbide precipitation, sigma formation, and mass transfer at 

higher temperatures. 
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CORROSION OF TYPE 316 STAINLESS STEEL IN NaK SERVICE - - 

A LITERATURE SURVEY 

by 

C. A. Zimmerman 

I. SUMMARY 

/ Stainless steel Type 316 is the material of construction for the 
NaK heat exchange system in the Waste Calcining Facility at the Idaho 
Chemical Processing Plant. Concurrent with the use of this system, a 
survey of the recent literature has been completed regarding the 
performance of this metal in NaK service, and regarding the corrosion 
failures which might be possible. Information on corrosion reactions 
and mechanisms in NaK systems is not extensive due to limited use of 
this liquid metal. Therefore, it has been necessary to rely, to a large 
extent, on literature describing reactions of liquid sodium. A similarity 
exists between the performance of stainless steels in NaK and sodium, 
since oxygen is directly or indirectly associated with most of the 
mechanisms of corrosion and sodium monoxide has been demonstrated to be 
the insoluble oxide at equilibrium in NaK systems}25) [containing up to 
99-8 percent potassium. 

The carburization of a Type 3Vf stainless steel has been reported 
in a sodium system where the only source of carbon was that contained in 
the sodiumpj. [THe solubility of carbon in sodium is dependent upon 
oxygen content as well as upon temperature)^), fEnus the concentration 
of oxygen in the system exerts a direct influence on carburization and 
decarburization reactions. 

Nitriding of container-materials including stainless steels has 
been reported in sodium systems containing nitrogen in the cover gaja>^A3). 
[Nitrogen build-up has been reported in one case in a sodium system under 
helium where no leaks in the system were detectedj(9). fTEe solubility of 
nitrogen is increased by the presence of calcium in the liquid metal 
system. The synergistic action of nitrogen and oxygen together in the 
circulating liquid metal appears to be a potential source of accelerated 
corrosion. 

Sensitization, sigma formation, and mass transfer are mechanisms 
which are promoted by elevated temperatures — generally above 550°C. 
Serious corrosion by these mechanisms is generally controlled by proper 
selection of materials, equipment design, and operating procedure!.    I 
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II.  INTRODUCTION 

The Waste Calcining Facility (WCF) at the Idaho Chemical Processing 
Plant is operated to convert radioactive solvent extraction raffinates 
containing aluminum nitrate, acids, and other salts, to chemically stable 
salts or oxides. The calcination is accomplished in a fluidized bed 
which is heated by circulating NaK in a tube bundle in the bed. Although 
the use of liquid metals for heat transfer service is quite common, and 
corrosion failures were not anticipated, it has been advisable to review 
and summarize the pertinent literature data on the performance' of stain- 
less steel Type 3l6, which is used extensively in the heat transfer loop. 

Information concerning NaK heat exchange systems is not plentiful; 
therefore, it has been necessary to use data describing sodium systems 
in this survey. Oxygen, in the form of sodium monoxide, appears to 
contribute either directly or indirectly to most of the mechanisms of 
corrosion observed in NaK systems. Burdiw) reports that the oxide 
precipitating from.NaK at 200°C is entirely sodium monoxide and 
Williams, et al^?;^ note that the insoluble oxide at equilibrium in 
most NaK systems is sodium monoxide.  Therefore, the use of corrosion 
data from sodium heat exchange systems to indicate mechanisms of corrosion 
attack of NaK heat exchange systems is believed to be valid. 

The WCF heat exchange system is constructed of welded Type 316 
stainless steel (part of which is columbium stabilized) and uses a 
eutectic of NaK as the circulating fluid. This eutectic is composed of 
22 percent sodium and 78 percent potassium (freezing point about -13°C, 

^  ^_^boiling point aboufe>j^0C) and has a density of ~ O.85 g/cc at 100°C. 
—  The system operates at a maximum temperature of j6o°C  and a minimum of 

110°C. Under normal operating conditions the temperature varies between 
750°C and 570°C in the main circulating system. The system is helium 
blanketed and maintained under a pressure of k  psig. A side stream 
"cold-trap", which is operated at 120°C, should reduce the oxygen content 
to ~ 20 ppm in this side stream(3,24) according to the data shown in 
Figure 1. In actual practice, the total NaK system usually operates 
in the 30-50 ppm oxygen range. 

III.  CORROSION ASSOCIATED WITH CHEMICAL CONTAMINANTS 

The austenitic stainless steels do not undergo direct reaction with 
pure molten sodium at temperatures below 650°c(l07. Corrosion is a 
function of temperature, impurity, and impurity concentration. The 
normally gaseous elements — oxygen, hydrogen, and nitrogen — along with 
carbon are impurities demonstrating the greatest influence on corrosion. 
Bruggeman(^) has shown that metallic impurities in commercial sodium are 
present in amounts so small that they offer no corrosion problem. 
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1.  Oxygen 

Oxygen is the most important impurity in the liquid sodium 
corrosion system. Although the exact role of oxygen is unknown., the 
presence of oxygen in appreciable amounts (above 100 ppm) increases the 
•total .amount of corrosion, accelerates intergranular penetration, and is 
responsible for excessive mass transfers-1-/. 

Wide experience in several laboratories has shown that 
austenitic Types 30^ and 3^7 stainless steels do not oxidize appreciably 
in sodium containing less than 100 ppm oxygen at temperatures below sodium 

°c(io). 65O 

LaQue and Copson' ^J  state that if the oxygen content exceeds 
about 200 ppm, the corrosion rate of stainless steels increases markedly. 
Above about 1000 ppm oxygen, they report that sodium oxide will attack 
stainless steels intergranularly and form a brittle surface layer. 

The results of loop tests reported by Perlow and Page^  ' using 
WaK containing less than 20 ppm oxygen in different containment materials, 
one of which was Type 3l6 stainless steel, led them to conclude that: 
"It is impossible to establish a realistic specification on the maximum 
amount of oxygen tolerable in sodium or NaK utilized as a coolant for a 
high temperature reactor. -- In general, however, oxygen contamination 
of the coolant to a reasonable level appears to lose significance above 
650°C." 

Detailed results of work reported by Perlowd9; are presented 
in Tables I and II. The data demonstrate that there is no significant 
change in corrosion attack of stainless steels 30^, 3l6 and 3^7 exposed 
at 650°C or 76o°C in NaK-78 containing less than 20 ppm oxygen. 

Mausteller'-'-"' reports the results presented in Table III, 
which point out that the preferential leaching rate of different alloy 
components from Type 3^-7 stainless steel varies with oxygen content in 
a sodium system at ^95°C. 

(2k) 
Weeksv  , in his discussion of liquid metal corrosion mechan- 

isms, states that oxygen in the alkali metals may have either or both of 
two effects: it may accelerate corrosion by catalyzing dissolution of 
the solid metal atoms, or oxygen itself may be the major migrating 
constituent. 

A  mechanism for oxygen-catalyzed mass transfer is presented 
schematically as: 

Wa20 + Fe = 2Ka + FeO        AH = 3^,000 cal. 

FeO is presumed to be soluble as  (Ee^O^'FeO 

corrosion rate can be written as 

d
df

e°>   = kA (Na20) 

k 



Table I 

CORROSION DATA  FOR NaK-78 SYSTEMS AT 650°C 

U 
CO o 

o 
CO 

o 

Type of 
Stainless Steel 

304 

316 (a) 

3^7 

Duration 

(Tar) 

1500 

2500 

3500 

4500 

1000 

2000 

3000 

1500 

2500 

3500 

1+500 . 

Type and Depth of Attack 

Wo apparent attack 

l.k  mil intergranular corrosion 

Evidence of general corrosion 

1.5 mil pitting 

2.6 mil general corrosion 

2.5 mil intergranular corrosion 

1.0 mil general corrosion 

0.7 mil intergranular. corrosion 

2.0 mil general corrosion 

1.9 mil intergranular corrosion 

2.0 mil pitting 

(a) 

(b) 

These high corrosion rates due to unknown, excess oxygen in loop; 
results were not considered realistic by the author. They are 
included here to illustrate the extent and nature of the attack 
under these conditions. 

Grain boundary decarburization to a depth at k.6  mils and massive 
carbides were observed. 



Table II 

CORROSION DATA FOR NaK-78 SYSTEMS AT 760°C 

<»■   Type of 
•^Stainless Steel 
X) u 
nl 
u 

304 

Duration 

(hr) 

1500 

2500 

3500 • 

4500 

Type and Depth of Attack 

No apparent attack, slight evidence 
of decarburization 

l.k  mil pitting 

1.3 mil intergranular corrosion 

2.3 mil decarburization 

.316 

o n 
o 

3^7 

1000 

2000 

3000 

1500 

2500 

3500 

4500 

Slight evidence of general cor- 
rosion 

O.k  mil decarburization 

0.8 mil decarburization 

0.6 mil intergranular corrosion 

O.k  mil pitting 

General corrosion to a depth of 
0.6 mil 

2.5 mil decarburization 

(a) 

(a) With massive carbides and no evidence of grain growth. 

CO 
CO 



Table III 

_EFFECT OF OXYGEN CONTENT ON PREFERENTIAL 
LEACR1NG OF COMPONENTS FROM TYPE 3Vf STAINLESS STEEL 

30 
Leaching 

ppm Oxygen 
Rate, mg/(< 2m )(mo) 

Element Leached 100 ppm Oxygen 

Fe 2.5 40 

Co 0.2 1 

Ta 1.0 h 

Mn 7.2 26 

The reaction is presumed to reverse in the colder portion of the flowing 
system. The predicted first order dependence has been experimentally 
demonstrated. Oxygen-catalyzed mass transfer through sodium was observed 
at KAPL with nickel, chromium, cobalt. manganese, and tantalum from 
stainless steals; however, J. DeVan(2j+) has found nickel to be less 
sensitive than the other metals to oxygen-catalyzed mass transfer; 
perhaps as a result of the higher solubility of nickel.      ■-'  ' 

When the oxide of a solid metal is insoluble in the liquid 
metal, oxygen exchange is observed; oxygen from the alkali metal reacts 
with the solid metal surface, where it either forms surface oxides or 
dissolves in/and embrittles the solid metal. Alternately, oxygen in the . 
solid metal may be leached out by the liquid, metal, resulting in severe 
intergranular attack. 

Results of Perlow and Page^ '  in the loop tests referred to '  ' 
previously (NaK containing less than 20 ppm oxygen at periods of up to 
seven months) indicate that Type 3l6 stainless steel had undetectable 
thickness change and a corrosion affected zone less than three mils deep. 
Metallographic examination revealed carbide precipitation, but not 
intergranular attack, when the exposure was continuous. When the exposure 
period was interrupted for observations, both carbide precipitation and 
intergranular attack were observed. 

The oxygen content of a circulating sodium or NaK heat transfer 
stream can be controlled by either of two methods: the first involves 
the low temperature removal (cold-trapping) of Na?0 (the only oxide that . 
is of significance in sodium or NaK alloys)(25) from the system by pre- 
cipitation or crystallization. If the temperature of the alkali metal 
stream is decreased to less than 150°C, the oxygen content of that stream 
should be reduced below 50 ppmU,25J as s-hmn  in Figure 1. The second 
method of removing oxygen from a flowing alkali metal system is by using 
a getter (ie, materials such as barium, calcium, magnesium, zirconium, 



and others that will preferentially remove oxygen from the flowing 
alkali metal system). Removal of oxygen by this method is done at 
elevated temperatures in order to influence reaction rate and is referred 
to as "hot-trapping". 

2.  Carbon 

Wide experience in several laboratories has shown that 
austenitic Types 3C4 and 3^7 stainless steels in sodium systems con- 
taining less than 100 ppm oxygen and at temperatures below 650°C will 
react with carbon to form carburized layers, the depths of which are 
dependent on time and temperature of contact. Below 550°C this phenomenon 
is of minor importance(l°J. Carlander and HoffmanW cite previous 
work(ll) leading to the statement that the extent to which carbon is 
transferred between dissimilar metals in contact with molten sodium 
depends not only upon the original carbon contents of the metals, but 
upon the oxygen content of the sodium. Sinizer and Pearsonl22J report 
that the effect of oxygen content on the carburizing potential of molten 
sodium is unknown, but there are indications that the effect is not 
significant at oxygen levels below about 50 ppm. 

Shephard(21) cites several reported occurrences of carburization 
of Types 30k  and 3Vf stainless steels in sodium service at temperatures 
below 650°C, and cautions that:  "Stainless steel components with a 
brittle carburized surface are to be avoided because surface cracks are 
likely to form where the metal yields to relieve high stresses. Once 
formed, cracks propagate with relatively small repeated stresses and 
unexpected failures may result". 

The carburization of Type 3l6 stainless steel in sodium satu- 
rated with carbon at 650°C has been reported!28); hardened case depths 
of 0.8, 1.4, and 2.7 mils were experienced over exposure periods 2,  7, 
and l6 days. It is also noted that grain boundary carbide precipitation 
is evident to a depth approximately twice as great as in the heavy 
carburized case. These results obtained by exposure of stainless steel 
tabs (Types 304 and 3l6) to 650°C sodium are very similar to those 
reported by Anderson and Sneesby(2) on Type 30^ stainless steel in terms 
of case depth as a function of time. 

Gratton(llj") presents information showing the relationship 
between the solubility of carbon and time for dissolution in sodium 

' containing ^0 ppm oxygen at 500°C. This information is reproduced in 
Table IV. It is interesting to note that a carbon equilibrium under 
these conditions is reached in the relatively short time of only eight 
hours. The effect of oxygen concentration upon the solubility of carbon 
in sodium at various temperatures is also reported by Gratton. This 
information is summarized in Table V. These data demonstrate that in- 
creasing temperature or oxygen content will increase the amount of carbon 
soluble in sodium. 



Table IV 

DISSOLUTION RATE OF CARBON IN SODIUM CONTAINING 
40 ppm OXYGEN AT 500 + 2°C 

Time, Hrs Carbon Concentration (ppm) 

I 19 

1 1,3 

2 48 

* 51 

8 - 68 

24 62 

48 69 

72 63 

Table V 

EFFECT OF TEMPERATURE AND OXYGEN CONTENT UPON THE 
SOLUBILITY OF CARBON IN S0DIUM(a> ^J 

Oxygen Content of Sodium Carbon Solubility 

(ppm) (ppm) 

l47°C 300°C 500°C 700°C 

40 32 48 65 lh 

260 113 136 f 171 185 

(a) It is assumed that equilibrium conditions existed. 

(b) These results are the experimental averages of several determinations. 



Bruslr  has reported the carburization of Type 3Vf stainless 
steel to a depth of 3.7 mils in the ALPALUS sodium heat transfer system 
at ^55°C.  There was no apparent source of carbon in this system other 
than that present in the original sodium. 

Tests reported by Anderson and Sneesby(2) show the carbon 
content of commercial grades of sodium to be approximately oO ppm. 
They state that commercial grades of sodium cause carburization of Type 
3 (A stainless steel, indicating that the carbon content of sodium in 
equilibrium with as-received Type 30^- stainless steel is less than the 
carbon content of commercial sodium.  This reference concludes that 
sodium containing 15 to 18 ppm carbon is in virtual equilibrium with 
uncarburized Type 30k  stainless steel at 650°C, when the oxygen con- 
centration in the sodium is less than ^0 ppm. 

(21) Shephard    reports that, the carbon in austenitic steels 
tends to form a chromium carbide precipitate at the grain boundaries 
when heated in the temperature range 430-8l5°C. Such a steel is 
"sensitized" and will be subject to intergranular corrosion in aqueous 
corrosive solutions. Sensitization does not appear to affect the 
corrosion resistance of the steel to liquid sodium, and intergranular 
attack of Type 3(A- stainless steel has not been encountered in lov- 
oxygen sodium at temperatures up to 595°C. 

Ferguson^1  ' reports that stainless steel alloys such as 
Types 3(A and 3l6 have been found to resist attack in sodium regardless 
of their structural condition. As a result of 595°C exposure in sodium, 
Types 3<A and 3l6 stainless steels became "sensitized", that is, original 
carbide precipitated as very fine particles at grain boundaries and along 
crystallographic planes within grains that were in a stressed condition. 
Ferguson states that sensitized stainless steel is very susceptible to 
attack by any medium that is corrosive; however, sensitised Types 3l6 and 
304 welds were not attacked by sodium. So long as stainless steel 
contacts only sodium, carbon pick-up or precipitation due to "sensitiz- 
ation" has no effect on its corrosion resistance. However, if the 
stainless steel in this condition should come in contact with aqueous 
reagents, there is a great possibility it would be subject to inter- 
granular attack and perhaps final failure. 

In discussing the mechanism of the carburization of stainless 
steel in sodium, ShephardC21) reports that the carburization takes place 
mainly by grain boundary diffusion in the ^00-5^0°C temperature range, 
while at 650°C and above volume diffusion predominates. 

Grain boundary diffusion produces carburization mainly at the 
grain boundaries, resulting in an undesirable structure. Mechanical 
tests have not been made on stainless steel which has been subjected to 
the low-temperature, grain boundary diffusion type of carburization. 
Surface cracks that are produced by bending indicate that the surface 
of this material is brittle at room temperature. 

Volume diffusion produces carburization within the grains 
with appreciable surface hardening. Mechanical property tests of Type 

10 



304 stainless steel which has been carburized in sodium within the 
volume diffusion temperature range (above 650°c) show increased strength 
and reduced ductility. 

3-'  Nitrogen 

(23) 
Weeks and-Klamuts -", in their discussion of liquid metal 

corrosion mechanisms, note that Gill and Bokros(l3) observed nitriding 
of Type 304 stainless steel due to migration of nitrogen in sodium at° 
540 °C from a nitrogen cover gas. The nitriding observed was relatively- 
rapid just below the sodium-nitrogen interface with the degree of 
nitriding decreasing with increasing distance from this interface. 
Brush^ has found that Type 347 stainless steel is readily nitrided in 
a 480-595°C sodium system having a nitrogen cover gas. 

Mausteller^ '  reports the following results when nitriding 
was investigated in a number of sodium systems at temperatures up to 705°C 

(a) With nitrogen cover gas, and no entrainment of nitrogen 
in the sodium, tool steel and stainless steels were 
unaffected. 

(b) The addition of one percent calcium to the sodium increased 
nitriding by acting as a nitrogen carrier. 

Recent work^2 ' refers to oxidation studies in impure helium^) 
which have revealed increasing oxidation rates with increasing thickness 
of nitride layers. 

Weeks(2l0 reports on the effect of nitrogen in the alkali 
metals-, noting that nitrogen like oxygen may have either of two effects. 
Nitrogen in solution in lithium is a much more active catalyst for 
corrosion than oxygen. Nitrogen may migrate through sodium from 
impurities in the cover gas to nitride steel, niobium, or zirconium 
surfaces. Calcium in sodium increases the nitrogen solubility and often 
introduces nitrogen and nitrogen t:\nsfer problems. This effect may 
override any benefit from the lowering of oxygen activity by calcium. 
This author notes that the large loop at Cadarache, France, has recently 
been shut down due to nitrogen enbrittlement catalyzed by calcium in 
sodium. 

(9) 
Clark   has reported a continuous build-up of nitrogen in the 

LAMPRE-1 sodium coolant system. The source of this nitrogen build-up 
was not located — apparently it was not due to leaks in the system. 
Calculations indicated that the nitrogen might be entering the system by 
diffusion through the container walls. 

4.  Hydrogen 

Sinizer and Pearson(22) note that there are no known effects 
of hydrogen in sodium on stainless steel core components. Weeks(24)^ 
however, reports that hydrogen embrittlement of the fuel elements occurred 
at temperatures less than 300°C in Dounreay from water in cover gas. 

11 



Hydrogen may react in conjunction with oxygen in accelerating corrosion 
of iron by sodium. National Research Laboratory work on iron solubilities 
in sodium showed approximately a ten-fold increase in iron solubility 
with the addition of oxygen and hydrogen (added as sodium hydroxide). 

IV.  CORROSION ASSOCIATED WITH ELEVATED TEMPERATURE 

1. Intergranular Attack 

Intergranular attack or "sensitization" has been discussed under 
the section dealing with carbon as an impurity and its mechanisms of 
attack. 

2. Sigma Phase 

Sigma phase is the formation of the intermetallic compound 
symbolized as FemCrn where m and n represent the proportions of iron and 
chromium in the structure. Theoretically m and n tend toward equality; 
however, sigma phase may vary over a wide range of compositions.  It is 
usually found at the juncture of several grains rather than being 
generally distributed along the grain boundary as in the case for chromium 
carbide (Cr2oCg) in sensitized steel. Mechanically, its effect on the 
steel is to greatly reduce ductility and impact resistance without giving 
rise to any visible external or surface attack.  The detection of sigma 
phase is difficult since it forms over prolonged periods of exposure and 
apparently forms in a sporadic or inconsistent fashion. 

Sigma phase formation has been reported in Type 3l6 stainless ■ 
steel in sodium by Herzler and Young(15). They observed one case which 
occurred in a hot rolled specimen exposed to 705°C sodium over approx- 
imately 4200 hours of exposure. 

3«  Mass Transfer 

Mass transfer has been mentioned previously under oxygen attack 
where oxygen-catalyzed mass transfer is discussed as one of the mechanisms 
of oxygen attack, and under the section dealing with carbon as an impurity 
where carbon transfer results in decarburization and carburization 
reactions. 

LaQue and Copsc^1?) state that the l8-8 stainless steels are 
not susceptible to mass transfer up to 5^0°C, and the rate of transfer 
remains within tolerable levels up to 8T0°C. These authors also note that 
according to Hoffman and Manly(l6J, the stainless steels and high-nickel 
alloys are probably the best available structural materials in dynamic 
sodium test systems, provided the hot-zone temperature of the system does 
not exceed 650°C and the temperature differential does not exceed 150°C. 

Sinizer and Pearson(22) note that the transfer of metallic 
constituents such as Fe, Cr, Ni, and Mo have been studied; according 
to preliminary evidence, the effects of this transfer on the mechanical 
properties of stainless steels is minor compared to the potential 
effects of carbon transfer. 

12 



h.       Stress 

Stress as a promoter of carburization has been reported' >2^. 
In this instance, a stressed sample of Type 316 stainless steel, exposed 
to b50°C sodium containing 30 ppm oxygen, carburized to a depth of about 
six mils while an unstressed sample had a diffusion layer less than two 
mils thick. Data are shown in Table VI (M which demonstrate the effect 
of stress on the depth of diffusion and on the amount of carbon which 
diffused into a sample of Type 316 stainless steel. 

Table VI 

CARBON PROFILES OF TYPE 316 STAINLESS STEEL 
EXPOSED TO SODIUM AT 650°c(a) 

Sample No. 39(3DLX3) 99 

Exposure time, hrs 2,489 h  000 

Stress level, psi 18,500 0 

Average carbon content, ppm 

°-2 mils 3,211 1,063 

2-k mils 1,516 491 

h-6 mils 686 561 

6-8 mils  " 806 471 

As-received carbon content, ppm 4 58 458 

(a) „ 
Oxygen content of the sodium during this experiment was 30 ppm. 

V. CONCLUSIONS 

Information from the literature demonstrates that the impurities in 
the circulating fluid and the temperature of operation are the major 
factors controlling corrosion in a circulating sodium or NaK heat trans- 
fer system. The impurities which have been found to exert the greatest 
influence are carbon, oxygen, and nitrogen. Oxygen, by itself, seems 
tb be acceptable as long as the concentration remains below about 100 
ppm. Commercial grades of sodium, however, contain dissolved carbon 

13 



(probably 5O-60 ppra) and carburization and decarburization reactions 
appear to be increased by oxygen concentrations above 50 ppm. When 
nitrogen is the cover gas, nitriding of steels has been reported to 
occur at the liquid metal-cover gas interface. Corrosion of nitrided 
steel j-s apparently promoted by the presence of oxygen. Nitrogen 
build-up in cover gas systems has been observed where no source of the 
nitrogen was readily determinable. 

Sensitization, sigma phase formation, and mass transfer are directly 
influenced by elevated temperature (above 550°C). Changes in metal 
structure -- sensitization and sigma phase formation — have not been 
shown to result in failure in sodium or WaK systems, although the 
sensitized structure is known to be very susceptible to intergranular 
corrosion in the presence of aqueous media. Mass transfer can be 
minimized by proper design of the system, selection of construction 
materials, and use of a low temperature differential in the system, 
as well as control of impurities in the circulating fluid. 

Ik 



VI. REFERENCES 

(1) Amateau, M. F., "The Effect of Molten Alkali Metals on Containment 
Metals and Alloys at High Temperatures", DMIC-I69 (1962). 

(2) Anderson, W. J. and Sneesby, G. V., "Carburization of Austenitic 
Stainless Steels in Liquid Sodium", MA-SR-5282 (September 1, i960). 

(3) Andrew, R. C. and Barker, K. R., "Effect of High Temperature Sodium 
on Austenitic and Ferritic Steels, Physical Properties and Materials, 
Topical Report Wo. 2, Results of Physical Property Tests of 316 
Stainless Steel Specimens in 1200°F Sodium with Low Oxygen", 
MSAR-64-18 (March 196k). 

(K)    Bruggeman, ¥. H., 'Purity Control on Sodium-Cooled Reactor Systems", 
A.i_ChE Journal, 2, 1953 (1956). 

(5) Brush, E. G., "Carburization of Stainless Steels in Sodium", 
KAPL-M-EGB-19, Report Wo. 1 (July lk,  1955). 

(6) Brush, E. G., "Nitriding of Reactor Materials in Sodium", 
KAPL-M-EGB-21 (1955). 

(7) Burdi, G. F., "SWAP Technology Handbook, Volume 1, Liquid Metals", 
MA-SR-8617 (August 1, 1964). 

(8) Carlander, R. and Hoffman, E. E., "Transfer of Carbon Between 
Dissimilar Metals in Contact with Molten Sodium -- Test Conditions 
1000°C-400 Hours", CF-56-4-73 (1956). 

(9) Clark, R. A., "Operational Experiences and Developmental Activities 
in LASL Sodium Systems", LADC-5936 (1962). 

(10) Eichelberger, R. L., "Recent Information on Moderator Sheath 
Corrosion in Liquid Sodium", Proceedings of the French-American 
Conference on Graphite Reactors, BML-489 (November 12-15, 1957). 

(11) Epstein, L. F., Weber, C. E., et al, TED-70, p. jk  (January 1951). 

(12) Ferguson, K. M., "The Corrosion Testing of Various Materials in 
Sodium", Part II, BW-7020 (1957). 

(13) Gill, J. J. and Bokros, J. C, "Mtriding of Type 304 Stainless 
Steel in a Sodium-Nitrogen System", MA-SR-6162 (May 30, 1961). 

(lk)    Gratton, J. G., "Solubility of Carbon in Sodium at Elevated 
Temperatures", KAPL-I807 (June 30, 1957). 

(15) . Hetzler, F. J. and Young,R. S., "Sodium Mass Transfer: II, Screening 
Test Data and Analysis, Volume 2, Metallurgy", GEAP-3726 (June, 1962). 

15 



(l6) Hoffman, E. E. and Manly, W. D., "Comparison of Sodium, Lithium, 
and Lead as Heat Transfer Media from a Corrosion Standpoint , Paper 
presented Nuclear Engineering and Science Congress, Preprint 74 
(December 12-15, 1955)« 

"(17) "LaQue, F. L. and Copson, H. R., Corrosion Resistance of Metals and 
Alloys, Reinhold Publishing Co., New York, p. 432-433 (19°3). 

(18) Mausteller, J. ¥., MSA Research Corporation — Liquid Metal Boiling 
Systems, Technical Note, NASA - AEC Liquid-Metals Corrosion Meeting, 
December 7-8, i960, Washington D. C, NASA-TN-D-769 (February 196I). 

(19) Perlow M. A., "SNAP 2 Primary Coolant Development", NAA-SR-6439 

(1961). 

(20) Perlow, M. A. and Page, J. P., "Liquid Metal Corrosion in the SNAP 
Development Program", NASA - AEC Liquid Metals Corrosion Meeting, 
Brookhaven National Laboratories, TID-7626, (Pt. 1), p. 87-91 
(December 14-15, 1961). 

(21) Shephard, 0. C, "The Effect of Carbide Precipitation and Carburiz- 
ation on the Mechanical Properties of Type 304 Stainless Steel , 
NAA-SR-Memo-2576 (1958). 

(22) Sinizer, D. I. and Pearson, E. N., "Relationship of Carburizing 
Potential to Operating Temperature Limitations in SRE , NAA-SR- 
Memo-7804 (1962). 

(23) Weeks, J. R. and Klamut, C. J. "Liquid Metal Corrosion Mechanisms", 
Corrosion of Reactor Materials, Vol. 1, International Atomic Energy 
Agency, Vienna, p. 115 (19^2)- 

(24) Weeks, J. R., "Mechanisms of Liquid Metal Corrosion", BNL-7553 
(October 2, 1963). 

(25) Williams, D. D., Grand, J. A., and Miller R. R. "Determination of 
the Solubility of Oxygen Bearing Impurities in Sodium, Potassium 
and Their Alloys", J. Phys. Chem., 6ß_, 68-71 (1959). 

(26) Dayton, R. W. and Simons, E. M., Cladding and Structural Materials, 
Section IV, Reactor Materials, 7, 49 (Spring 1964). 

(27) MSA Research Corporation, "Effect of 1200°F Sodium on Austenitic 
and Feritic Steels", Progress Report No. 37, MSAR-63-142 
(October l6, 1963). 

(28) MSA Research Corporation, "Effect of High Temperature Sodium on ^ 
Austenitic and Ferritic Steels, Physical Properties of Materials , 
Progress Report No. 40, MSAR-64-6 (January 21, 1964). 

(29) Oak Ridge National Laboratory, "Gas-Cooled Reactor Program Semi- 
annual Progress Report for Period Ending March 31, 19Ö3 ', ORNL-3445 

(July 23, 1963). 

l6 


