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COMPATIBILITY OF LIQUID AND VAPOR ALKALI METALS
WITH CONSTRUCTION MATERIALS

J, H, Stang, E. M, Simons, J, A. DeMastry, and J, M, Genco*

1. INTRODUCTION

For the past decade, the amount of research
and the volume of literature on alkali metals as
heat-transfer media and working fluids have been
increasing exponentially. Prominent among the
liquid=-metals research efforts are studies directed
toward finding the best containment material for a
given alkali metal under a given set of operating
conditions,

As early as 1950, Argonne published a re-
port on the "Resistance of Materials to Attack by
Liquid Metals', which covered 174 references on 17
liquid metals from aluminum to zinc, (1) a slightly
modified version of this report was published soon
thereaftor, as the corrosion chapter of the first
edition of a Liquid Metals Handbook, As is the case
today, the compatibility data available for sodium
and NaK systems were far more extensive than
those for any other liquid metal, In fact, in 1951,
Epstein and Wuber presented a very thorough treat-
ment (151 references) on the use of molten sodium
as a heat-transfer fluid, (2)

Since that time, there has been an accelerat-
ing interest in alkali metals as:

® Coolants for fast-breeder nuclear reac-
fors

® Coolants in space power plants

® Rankine-cycle working fluids in high~
temperature nuclear reactors

® Propellants in ion-propulsion engines

® Seeding materials in magnetohydro-
dynamic generators

& Space-charge dissipating media in
thermionic generators

® High-temperature hydraulic fluids,

v

While research on sodium and NaK has con-
tinued unabated, these broadened applications have
been involving other alkali metals (potassium,
lithium, and cesium) on an increasing scale,

Many of the compatihility results have, until re-
cently, been classified, They are presented in a
diverse assortment of project reports, meeting
papere, periodical publications, theses, and state-
of«the-art reviews,

This compilation attempts to present the
highlights of what has been ascertained about the
interactions of liquid and vapor sodium, NakK,
potassium, lithium, and cesium with solid mater-
ials of potential use {n practical liquid-retal
systems, This i8 an extremely complex subject
when one considers the multitude of variables
possible, and there is atill much that is unknown,
Data for inclusion were selected by the authors
on the basis of their practical utility to designers
and research workers, No attempt was made to
include the entire body of information available.

In many cases, data from a variety of
sources were cornbined to illustrate a conclusion.
Where data were conflicting, the authors attempted
to explain the differences or to eliminate thone
which were questionable, In a few instances,
it was necessary to present the contradictory
findings and point out that no plausible explana.
tions had been found.

*Agsoclate Chief, Fellow, Associate Chief, and Senlor Technician, respectively,
Experimental Physics and Environmental Engineering Divisions,
Battelle Memorial Institute, Columbus, Ohio,
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2. SODIUM AND NaK

2, 1L AUSTENITIC STAINLESS STEELS

2, 1,1 Compatibility - General

Corrosion attack of austenitic stainless
stecls by sodium (or NaK) can take the forms of:

(1) Surface reactions which produce hot-to-
cold zone transfer of corrosion products
in @ nonisothermal flow sy stem

(2) Matrix attack, usually distinguished by
grain-boundary deterioration

(3) Pickup of carbon, nitrogen, or hydrogen
{from the environment or through migra-
tion from hot-to-cold xones.

Investigation of these processes with temperature,
time, flow velocity, contamination level, etc. , as
variables has been intensive for nearly 20 years,
and the amount of diverse information generated is
staggering, Experience ranging {rom laboratory
experiments to the operation of large nuclear plants
has led to the conclusion that the common austen-
itic steels (specifically, Types 304, 316, and 347),
can be utilized up to 1000 F in sodium flow syatems
with virtually unlimited life, provided the oxygen
and the carburizing potential of the fluid are main-
tained at low levels. However, departures from
these conditions, involving higher temperatures

or increaged contamination levels, often produce
compatibility-oriented questions which still cannot
be answerad without gualification,

Static-test data, which demonastrate
austenitic steel-dodium compatibility, are many
and varied; typical results are:

Negligible weight change [ < -0.1 mg/{cm?)
(month)] at 932 F

Slight weight change [~ +0. 1 mg/(cm?)
{month)] at 1100 F

Substantial weight change [~ +40 mg/{cm?)
(rnonth)] at 1832 F,

More definitive, howsver, are data from
polythermal-loop experiments, Tables 2.1 and 2,2
describe several of these operated over a broad
temperature range, The results show:

(1) Little or no low-temperature attack,

(¢) Enough corrosion in relatively short
exposures at 1500 F and above to
challenge the feasibility of long-time
operation.

o~
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(3) A dearth of pumping-loop information in
the 1300 to 1400 F range, Thermal-
convention-loop results show very little
attack, but the effects of flow velocity,
known to be important as outlined below,
cannot be ascertained,

(4) Moderate attack in the 1000 to 1200 F
range, which, at least in\recent years,
has received major emphasis,

Considerable attention has been given to de-
fining the mechanisms associated with austenitic
steel-sodium compatibility, Among the well-
established facts is that the amount of corrosion
and mass transfer is strongly dependent on the
level of oxygen impurity in the sodium. The tabu-
lation below illustrates this, as well as the typical
nonuniform leaching of constiluents by sodium from
hot stainless-sgteel surfaces. In this study, radio-
tracer techniques were used to measure the re-
moval rates of individual constituents from Type
347 ptainless steel in a flowing, isothermal sodium
loop at 925 F, (3)

Ratio of Rate of L.eaching
by Na Containing 100 PPM
O, to Rate of Leaching by

Element Ni Containing 30 PPM O,
fron 17
Cobalt 54
Tantalum 5
Marnganese 4

The exact role of oxygen has not been de-
termined, but it may accelerate dissolution and/or
participate directly in a corrosion reaction in-
volving compounds of the form, Na,M, O, where
M is a structural-metal constituent, It is generally
accepted that mase transfer of iron is dominated
by reaction rather than dissolution, with a hot-zone
reaction as follows:

Fe+ 3Na2‘0 — 2Na + (NaZO)Z‘FeO.

In cold zones, the reverse recaction occurs, libera-
ting free iron which crystallizes out. This particu-
lar sodium-~iron comglex was isolated and identified
several years ago.(1 )

In the case of constituents other than iron,
dissolution may be more important than chemical
reactions, This conjecture stems from meager
and controversial solubility data which suggest that
the order of solubility in sodium is chromium>
nickel>iron.

From many "corrosion-mechanism"
studies, the rate of diffusion of reaction products
through the boundary layer at the hot surface has
emerged as the most likely controlling step in the
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corrosion process in ordinary flow-loop situations.
This is based on such observations as the direct
influence of fluid-flow velocity on corrosion rates.
Velocity affects boundary~-layer turbulence and
thickness, which in turn influence the ability of
reaction products to diffuse into the main stream.

Transfer of interstitial elements to and from
sodium-exposed austenitic ateels has been observed
under many conditions, Carbon migration has re-
ceived the most attention, primarily because of the
interest in using austenitic and ferritic steels in
the same sodium heat-tranefer system., The former
provides needed strength for high-temperature
(~ 1200 F') piping and components, while the latter .
offers economy and other desirable traits for low~
temperature (~900 F) sections, However, ferritic-
to-austenitic migration of carbon can occur, with
consequent decrease in strength of the carbon-
depleted material, and embriulement of the carbon-
enriched one, The mechanisms relating to this
migration are understood only in a'qualitative way,
Weeks(19) observed that the safest way to minimize
problems from dissimilar-metal interaction is to
avoid mixing structural alloys in a liquid-metal
system unless the major metallic constituents of
all alloys are known to be essentially insoluble and
the activities of all possible nonmetal transferring
specive (0, N, C, H) are equalized in all alloys by
gettering,

2. 1.2 Solubility Information

In a nonisothermal liquid-metal system,
material 'which is dissolved from hot-zone surfaces
and transported in flowing fluid to colder zones can,
owing to differential solubility with temperature,
precipitate and deposit in solid form on the cooler
surfaces, The mass transfer of constituents of
stainless steels as well as those of nickel- and
caobalt-base alloys) by sodium or NaK has long been
thought to depend to some degree on solution
phenomena. Consequently, assorted studies have
been carried out in attempts to measure, with some
degree of confidence, the solubility in sodium of
the elements which combine to make up these alloys.
For reasons which are often obscure, data which
should be directly comparable are in conaiderable
disagreement, Undoubtedly, the extreme difficulties
involved in the measurement techniques are partially
redponsible,

Table 2.3 shows some axperimental values
of solubility for iron in sodium, and one value in
NaK, It is immediately apparent that the 1956 data
of Baus are three orders of magnitude lower than
those of the other investigators. In spite of sub~
atantial efforts to resolve this discrepancy, the
exact cause remains a mystery. As can be seen in
Table 2.4, the same gituation exists for the solu-
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bility of nickel in sodium. Values for cobalt,
tantaluim, and columbium arc listed in Table 2. 5.

2.1.3 Detailed Loop-Test Data

2.1.3.1 Type 316 Stainless Steel; Inserts in and
Hot Legs (1100 and 1200 F) of Pump Loops, With
Type 316 or 2-1/4Cr-1Mo or 5Cr-1/2Mo-1/2Ti
Alloys as the Cold Legs™®(8,27)

Logs of Metal by Corrosion. Data obtained
from inserts removed periodically from experi-
mental loops operated up to 30,000 hours provide
the basis for the following empirical steady-state
equation:

100 R= vO- 884g1. 156 (12.345 -

23,827 L z.ze)
—— — —_—— :
T+460 0.00676 &7 + 9

where "
R = removal of hot-zone metal, mg/(cmz)
{month)
velocity, fps
oxygen level, ppm
temperature, F
distance ratio downstream from hot leg
exposure time, montha.

Ly
wPu0<
iHn 8 unn

Note:

(1) The absence of a term referring to the
hot-to-cold zone temperature differential,
since a variation from 250 to 500 F did
not produce significant changes in metal~
removal rates,

(2) An effect of exposure time which initially
is strong, but ultimately is weak,

(3) An L/Di effect which describes gradually
diminishing insert weight loss with dis-
tance, in isothermal sections downstream
from the hot zone, This observation has
given considerable credence to the con-
cept of diffusion-controlled corrosion,

If diffusion of reaction products from the
boundary layer must build up with L/Di,
the diminishing surface-to~boundary layer
concentration gradient must produce a
corresponding decrease in the rate of
formation of these products at the reacting
surface.

* Conditions listed in Table 2.1,

AT —
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TABLE ¢,3. SOLUBILITY OF IRON IN SODIUM

Baus, ot all20Nta]

——— e e
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For illustrative purposes, a set of values
for V = 10 fps, 0 = 50 ppm, and L/Di = 0 (situation
for maximum weight loss) is given below,

: Equivalent Removal
of Metal From Ex-

Temperature, In Na Saturated Rodgers
In Na With NazO ot al (21)B}  Epgteini22e}
445 0, 0024 - 6 6
530 - 0,0016 - -
580 0,0037 - 8 [
660 - 0,0010 - -
135 - 08,0017 - -
760 0.0050 - 10 10
835 - 0.0025 - -
970 0, 0091 - - -
980 - 0.0041 - -
950 - . - 12 12
1290(d} - - - -

(a} By radiotracer technique,
(b) By chemical analysis of equilibrated samples, Sppm (400-1000 F) =
0.5 +0,0122 T *F),

{c) By chemical anal ‘sis of equilibrated samples, sppm {450-900 F) »
1,47 + 0,02 T (C),
(d) Single vailue by Drugos et al{23) u 15 4 3 ppm in NaK-78,
TABLE 2,4, SOLUBILITY OF NICKEL IN 50DIUM
Temperature, — Solubility, ppm
F Baus, et al Rodgers, et al
192 0, 005{50){c} -
812 0, 006{40) 10
662 0, 006{30) 12
152 0, 004{50} 14
932 . 0, 009{20) 17
112 0, 012{30) -
11z 0, 038(430) “
1z 0, 014(7:70) -
1112 0, 022(11 30) -

(a) By radiotracer technigue.

{b) By chemical analysis of equilibrated samples, sppm {400=1000 F) »
=1,340.0199 T (¥F),

(c) Number in parenthesis following solubility value is ppm of oxygen
in the sodium,

TABLE 2,5, SOLUBILITY OF COBALT, TANTALUM, AND
COLUMBIUM IN SODIUM

Temparature, Solubility m f
¥ Gobalt(25) Tlnt-lum(!!) Columbium{20]

Al LU
689 0,028 0,032 -
798 Q. 021 0,19 ~
911 1,00 2,9 -

1846 - - 7.4

2185 - - 35

2518 - - 243

Weight Loss, posed Surface,
mg/(cmz)(month) mils/yr
1-Month 12-Month 1-Month 12-Month

IF Exposure Exposure Exposure Exposure
1000 0.7 0.3 0.4 0,2
1100 1.7 0.7 1.0 0.4
1200 4,2 1.9 2.5 1.8
1300 11.0 5.2 7.0 4,5

Intergranular Penetration, The inserts did
not show intergranular penetration, (27 However,

this type of attack, to about 1,7 mils/yr (epecif-
ically, about 7 mils after nearly 30,000 hours),
was observed in approximately isothermal scc-~
tions of Type 316 stainless steel and vccurred be-
tween heat-input and heat-extraction zones, The
following discusaion is provided,

"The results of elsctron microscope fracto-
graphic examination, show!

(1) The stainless steel piping was heavily
sensitized in the cross-over region,
Chromium carbides precipitated in all
the grain boundaries,

(2) There is no attacﬁ of the grain-boundary
precipitates themselves,

(3) Chemical attack by solution of metal at
the interface with the grain-boundary
precipitate.

" "A preliminary interpretation of this effect
is that attack results from a high effective-oxide~
impurity level created at the entrance to the cold
leg on the beginning of supersaturation, and subse-
quent nucleation of metal precipitates with the
accompanying liberation of oxygen to sodium oxide,
This causes attack in grain-boundary areas which
are suspected to be depleted in chromium by the
precipitation of Cr,,C at the grain boundaries, n(27)

Materials Transfer. Type 316 stainless
steel was approximately neutral to carbon tranafer
in a monometallic system, However, it car~
burized to several mils when combined with
2-1/4Cr-1Mo or 5Cr-1/2Mo-1-1/2Tisteels, The
carbon profile of inserts in a Type 316/2-1/<Cr.
1Mo system was as followa:

e
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Approxlmatéﬂd;ne s Carbon

Temperature, Content of Inserts, percent
' F Type 316 SS 2-1/4Cr-1Mo
Pretest 0,045 0.105
1200 0,05 -
1100 0,08 0.05
1000 0,08 0.10

700 . -- 0.105

This transfer was not dependent on the oxygen con-
tent of the sodium (from 10 to 50 ppm). In addition,
selective transport of chromium and nickel from
austenitic surfaces was found to occur in low-oxide-
level systems above 1000 F. This was sufficient to
produce a noticeable ferritic layer (for example, 5
to 8 microns thick after 2800 hours at 1200 F}). In
the case of high-oxide~level systems, iron was
selectively removed,

2.1.3,2 Various Auistenitic Steels: Inserts in
1110 and 1290 F Pump Loops Fabricated of 18Cr-
9Ni-1T{ Steell?

Corrosion Behavior, After 5500 hours in
1110 F sodiurmn containing 60 to 80 ppm oxygen,
indicationa of corrosion were as follows:

No Attack

15Cr- 15Ni=-3Mo

Up to 5 mils 'Intergranular Attack

12Cr-16Ni-48i-0, 5Cb
14Cr-15Ni-1Cb
14Cr-20Ni-2W=-1Cb
15Cr-15Ni-3Mo-0. 7Cb
18Cr-9N1-0,45T1

After 1500 hours in 1110 F sodium containing
200 to 400 ppm oxygen, indications of corrosion
were asg followa:
Up to 4 mils Intergranular (Plus Some
Transgranular) Attack

14Cr-20Ni-2W-1CH
14Cr-15Ni-1Cb
15Cr~36Ni-3W-0, 3Cb
18Cr-9Nij-0.45Ti
20Cr-14Ni-25i

Strongth and Ductility, Exposure to 1110 F
sodium, containing 60 to 80 ppm oxygen, for 5500
hours did not strongly affect either strength or duc-
tility of any of the above six steels evaluated under
these conditions. However, 1500 hours' exposure
to 1110 F sodium containing 200 to 400 ppm oxygen

AUSTENITIC STAINLESS
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did produce noticeable increases in strength and
decreases in ductility, This occurred in all five

of the above steela which were evaluated under the
latter conditions, but gettering the sodium with
calcium significantly reduced the observed changes.
Data for 18Cr-9Ni-0.45Ti, the alloy exhibiting the
greatest variation, are:

Tensile
Strength, Elongation,
psi ~percent
Original material 74,000 41
Inert-atmosphere 81,000 40
control sample
Ungettered sodium 96,000 4
exposure
Calcium-gettered 70,000 36

sodium exposure

The effects of exposure to 1290 F, 20 to 50-
ppm-=oxygen sodium for 5000 hours on the strength
and ductility of the four steels listed in Table 2.6
were not appreciably different from those produced
by inert-atmosphere exposures,

2.1,4 Carbon-Transport Behavior
2.1.4.1 General

Atomics International(8,29) hay investigated
the nature of carbon in sodium and the reactiuns of
"digsolved" carbon with Type 304 stainless ateel,
Although it is fairly well accepted that carbon can
exist in four different forms in sodium, the factors
govet:ﬂng its distribution amoang these four states
are open to considerate conjecture. The four condi-
tions in which carbon is thought to exist are:(29)

(1) Dissolved Carbon - A true solution,
similar to sugar in water

(2) Suspended Carbon - A state in which
carbon particles are suspended in
the 4¢dium, as in a colloidal sus-
pension

.

(3) Sodium Carbide - A rompound (Na,C,),
resulting from the chemical reaction
of carbon with sodium

(4) Other Carbon Compounds - Where the
carbon exists as a carbonate,
cyanide, acetylide, or some other
complex salt. 3

The latter two forms, i.e, , sodium carbide and
and carbon compounds, exist in only very small

concentrations, relative to the amounts of ''dis-

solved" and "suspended" carbon, andthus play only
minor roles in any carburization-decarburization

N
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TABLE 2,6, STRENGTH AND DUCTILITY OF INSERT MATERIALS EXPOSED TO
1290 F', 20 TO 50~ppm=-0XYGEN S0ULIUM FOR 5000 HOURS IN LOOP
cIrcurT(9)
Inert Atmosphere
As~Received Exposure Sodium Exposure
Tensile Tensile Tensile
Strength, Elongation, Strength, Elongation, Strength, Elongation,
Material psi percent psi percent psi percent
14Cr«14Ni=45i-0, 6Cb 85,000 ’ 38. 94,000 19 99,500 26
-15Cr=15Ni~3Mo0=~0,7Cb 84,000 34 65,400 4 82,500 5
20Cr=14Ni=2. 58i 94,000 25 102,000 13 98,000 i3
18Cr=-9Ni~0, 45Ti 108,000 39 104,000 25 99,500 30
processes occurring in stainless steel- sodium- 200 — ]
carbon systems, [n fact, it has been postulated 180 | .

that only the carbon which is in true solution
{dissolved carbon) is available for carburizing
stainless ateal, (29) Hence, the term "effective!
carbon has been introduced to distinguish between
the total carbon content (all four forma) of the
sodium and that dissolved carbon which effectively
contributes to the carburization process,

Currently, only one experimental study has
given the concentration of dissolved carbon in
sodiurn, and little work has beea reported concern-
ing the nature of suspended or colloidal carbon,

J. G. Gratton of Knolls{30) determined the solubility
of carbon in sodium at elevated temperatures,
Figure 2, 2, by exposing a spectroscopically pure
graphite electrode to comrnercial-grade sodium,

He sampled the sodium at various temperature
levels through a 5~micron filter and then analyzed
for carbon by the wet-oxidation method of Pepkowitz
and Porter.(33) The results of this investigation
indicate that the solubility of carbon in low-oxygen
(40 ppm) sodium varied between 32 ppm and 74 ppm
in the temperature range 297 to 1292 F, and was
dependent upon the oxygen concentration inthe
godium. The functional dependence of carbon solu-
bility (S = ppm) with temperature (K) was expressed
by the relationships:

In5=2,96 - 6,21 x 102/T at 40 ppm oxygen

InS=5,61~3,76x 102/T at 260 ppm oxygen.

Luner, Johnson, Cosgarea, and Feder,(34)
in attempting to verify Gratton's regults, found an
abnormal amount of scatter for a given set of condi-
tions and no smooth variation with temperature.
Filtration studies and centrifugation experiments
led them to the tentative conclusion that the carbon
exists in so fine a suspenaion in sodium that there

0.026 wt % oxygen in sodium

E
& ool —
F sof- —
Z 80f— ]
2 o
a 60 prmenm =
g S 0.004 wit¥ oxygen in sodium

40}— —

| ] J ] 1
3200 400 800 800 1000 1200 1400

Sodium Temperature, F

FIGURE 2. 2. SOLUBIH&')Y OF CARBON IN
SODIUM

i
is no "readily measurable equilibrium solubility
in the graphite sodium system', These studies are
continuing.

Goldmann and Minuskin”” present a concise
disucssion of carbon tranaport in sodium-stainless
steel-carbon systems. Since carbon is more or
lean soluble in sodium and occurs in varying forms
and amounts in container materials, it tends to
migrate from one reglon to ancther in molten sodium
systems, This carbon-transport behavior can be
rationalized on the basis of simple thermodynamic
considerations, In most systems, the initial
activity (free energy) of carbon in the sodium is
different from that in the containment inaterials,
Thus, "when carbon or carbon alloys with different
carbon activities {free energies) are in contact with
sodium in the same system, or when a gingle metal
or alloy is in cuntact with sodium at different
temperatures, carbon migrates via the sodium
from regions with the higher activity (free energy)
to those with the lower activity (free energy). The
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carhon tranafar tends toward an equilibrium at all
surfaces in contact with the sodium, The resulting
carbon concentration in the metal or alloy may
reach very different values from the original
ones", {31) pp, driving force for the carbon mi-
gration process is this difference in activities or
partial molal free energies between the carbon
existing in the container materjals and that in the
sodium,

2. 1,4,2 Type 304 Stainless Steel; Equilibrium
Reactions of 1000 to 1600 F Sodium-Immersed
Material With Carbon!3?)

Carbon at Steel Surface, In godium saturated
with carpon, the equilibrium carbon content at the
surface of Type 304 stainless ateel was measured
as! '

Temperature, Equilibrium Surface Carbon
F Concentration, wt%h
1000 2,68
1200 3.1
1400 3.6
1600 4,35

The equilibrium carbon content at the surface
of Type 304 stainless steel with sodium of varying
carbon content at 1200 F {s:

Carbon in
Sodium, ppm

Equilibrium Surface Carbon
Concentration, wt%

15 0.04
18 0,30
25 1,0
60 3.0
70 (saturation 31
level at
1200 F)

This implies that sodium containing 15 ppm carben
would be in equilibrium with normal Type 304
stainless steel (0. 04 to 0. 08 C) at 1800 F,

Carbon Within Case, Case depth as a function
of time and temperature is shown in Figure 2, 3,
The case depth is defined by a concentration of
0. 3] weight percent, which is the limjt that can be
detected metallographically,

The equilibrium carbon level in the case i
greater than the level of carbon solubility in the
ateel, The excess carbon reacts to form an iron-
chromium-carbon compound, (Fe, Cr|7C3, zon-
taining 75 percent chromium which precipitates and,
in effect, removes chromium from the alloy.
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FIGURE 2.3, METALLOGRAPHICALLY DE-
TERMINED DEPTH OF VOLUME
CARBURIZATION VERSUS TIME
AT TEMPERATURE, FROM CAR-
BURIZATION OF TYPE 304
STAINLESS STEEL IN CARBON-
SATURATED soDIum¢ 3>

2,1,4,3 Various Austenitic Steels (and One Nickel=-
Base Alloy); Capsule-Insert Experiments to In-
vestigate Carbon Transfer From Carbon Steels in
1200 F Sodium Environment{3b)

Materials

Austenitic Steels
18Cr-11Ni-0,64Ti=0, 08C
20Cr-15Ni-1Mn-2, §8i-0. 14C
14Cr-20Ni-2.7W-1Cbh=-1,5Mn-0, 12C

Nickel-Base Alloy

T5Ni-20Cr-0,21Ti-0,09C

Carbon Steels

0.73, 0.83, and 0, 99C

Carbon Transfer (From Carbon Steel
Crucibles to Ingerts; 1200 £, 2000 and 4000 Hours),
Ag indicated below, considerable carbon transfer
occurred between carbon steel and several austen-
itic stainless steela. This mass-transfer effect
wae found to depend sormewhat on the oxygen level
in the gsodium.
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Carbon Content, wtfh, in 0,2
MM-Thick Surface Layer After
4000 Hours' Exposure to Sodi-

um of Indicated Oxygen Content

Insert 50 PPM 500 PPM 1000 PPM
Material (oF 0, (oF]
18Cr-11Ni 2,34 2.59 3.0
20Cr-15Ni 1,66 1.70 1. 76
14Cr-20Ni 1.85 1. 80 2.1
21Cr-75N4 -- 1,33 1.18

Additions of zirconium inserts, which get-
tered both oxygen and carbon, reduced the carbon
transfer by approximately 25,percent; columbium
in the sodium was leas effective,

Not only was carbon transferred to the insert
materials, but when the oxygen levels in the sodium
were abnormally high (to about 6000 ppm), carbon
also appeared in a fine layer on the sodium-
contacting crucible walls, Insert specimens located
above the liquid sodium were carburized, but only
about one-fourth as much as submerged specimens.

Anodic polarization of the carbon steel in-
creased the degree to which it decarburized, while
cathodic protection gave the opposite result, The
interpretation was that the carbon-transfer process
involves ionic oxygen rather than molecular sodium
oxide, \

These various observations led to the hypoth-
esis that the carbon carrier is carbon monoxide
which is formed by chemical reaction of ionic

forms of carbon and oxygen. Dissociation of monox- '

ide molecules on metal surfaces would liberate
carbon,

Property Changes Owing to Carburization.
Insert materials were embrittled severely as a
reault of carburization, as indicated in the follow-
ing tabulation,

4000- Hour
Exposure at 4000-Hour Exposure at 1200 F to Sodium
1200 F to Inert of Indicated Oxygon Content -
Atmosphere 50 PPM Op 300 PPM Oz 1060 PPM ©p
Hard: Elonga- Hard- Elonga- Hard- Elonga- Hurd- Elonga-

ness, tlon, neas, tion, ness, tlon, ness, tion,
Material UHN  percent YHN percent VHN percent _VHN percemt
18Cr~ 1IN 220 22 637 0 724 ] 700 [
20Cr-15N1 222 18 425 0 460 0 440 o
14Cr- 20N} 144 24 427 0 457 ] 47 9
21Cr-T5NY 18% 1 265 10 263 9 455 11
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2.1.4.4 Combinations Involving Type 1043 Plain
Carbon Stee

Table 2,7 presents results of 1830 F static-
capsule experiments which demonstrate the de-
carburization of sodium-exposed Type 1043 steel
in contact with Armco iron and with Type 304 ELC
stainless steel. The findings in the latter case
also indicate transfer of nickel to the carbon steel
from the austenitic steel employed as the con-
tainment material.

2,1,5 Multimetallic Loop System

2,1.5,1 Combination of Five Iron- and Nickel-

‘ Base Materials* Incorporated Into Integral Pump-

ing Loops Operated With 1300 to 1400 F NaK-
18.37-39)

Table 2.8 summarizes corrosion data for
NaK-78 pumping-loop experiments involving
materials located in series, as follows, in the
flow circuits: B .

Hastelloy N (Chromized) - Heater section

Types 316 and 347 stainless steel and
Croloy 9M - Heyter-cooler connecting
section i '

. e ‘.‘ i ¢

Croloy 9M - cpoler section - '

Croloy 91, Hastelloy C, and Type 316
stainleas steel - Cooler-heater connecting
section,

Corrosion and Mass Transfer, The corro-
sion of Hastelloy N and stainless steel was depend-

ent on the presence of oxygen in the NaK, Hastelloy
N exaibited the greater degree of attack, but its
corrosion rate was not as sensitive to oxygen as
that of the stainless steels. Slight weight gaina
which were observed for the Crcoloy 9M resulted
from nickel pickup by dissimilar-metal transfer.

In the high-oxygen loopa, mass-tranefer products
coantaining sodium chromite (NaCrO;) were found.

* The simulated reactor-materials situation is as
follows:

Hastelloy N (Chromized) ~ fuel cladding

Hastelloy C - lower grid plate

Type 347 stainless steel - BeO moderator
cladding

Type 316 stainless steel - reactor vessel
and primary piping system

Croloy 9M - mercury boiler material,
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TABLE 2.7, DATA FOR EXPOSURES OF TYPE 1043 PLAIN CARBON STEEL IN 1832 F soDium{!®

Carbon, wt‘%

Weight Loss, mg/cm® -

Nickel, wt %

After After After After After
100-Hour 400~Hour 100«Hour 400~Hour 400-Hour
Material Original Exposure Exposure Exposure Exposure Original Exposure
Armco Iron Capsule
Type 1043 steel 0, 43 0.121 0, 054 0,03 6,1
Armco iron 0,019 .
Vapor zonge 0,019 0.016
Bath zone 0.035 0. 024
Type 304 ELC Stainless Steel Capsule
Type 1043 steel 0,43 0.100 0,074 0,03 4.1 0,008 0.090“
Type 304 ELC 0,022 11,12
stainless steel
Vapor uzone 0,022 0,162 10, 32
Bath zone 0.128 0,200 9.98

TABLE 2.8, ([EFFECT OF TIME, TEMPERATURE, HYDROGEN, AND OXYGEN ON CORROSION OF
; "'MATERIALS IN NaK-78 PUMPING LOOPFS (it = 200 F)

Oxygen Content

Corrosion, mg/cm®

' , in NaK Type

Peak (Regulated by . 347
Temperature, Time, | Hydrogen Cold Trapping), Hastelloy N Stainless
F hours Present ppm {(Chromized) Steel Croloy 9M

1300 2000 No < 30 -3 +0,8 +0.1
1400 , 2000 No < 30 -8 «1 +0.3
1400 i 2000 No ~ 80 -8 -3 «1.5
1400 ; 5100 No <30 =20 -2 =0,3
1300 2000 Yes <30 -3 +0.8 0

Effect of Hydrogen. One objective in the
program was to determine the effect of hydrogen,
introduced into the liquid-metal stream, on com-
patibility, Pertinent experiments led to the con-
clusion that hydrogen has no effect on either corro-
sion rates or carbon migration.

Carbon Migration, At temperatures as low
as 1200 F, Croloy 9M experivnced significant car-
bon depletion, while in other sections at lower
temperatures, it was carburized. Variations in
uxygen level in the NaK appeared to have little
effect on the carbon-migration rates,

L. 1.6 Mechanical-Property Effects for
Type 316 Stainless Steel

2.1.6.1 Type 316 Stainluss Steel; Evaluation of
Mechanical Properties After Sodium, Air, or
Helium Exposure.at 1200 F, (40-43)

Carbon Transfer, Exposure of Type 316
stainless steel to high-carborn* sodium resulted
in carburization of the surface layer - typically,
from an original 470 ppm to nearly 7000 ppm in
4000 hours., Exposure to normal-carbon sodium
(both low and high oxygen) increased the surface
carbon level to about 1000 ppm.

* Jow-oxygen sodium =30 ppm oxygen
High-oxygen sodium =~ 300 ppm oxygen
High-carbon sodium = generally, in the 30 o

60-ppm range (saturated or nearly so),
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Several materials tested were found to gain
carbon in the following order:

Type 321 > Type 304 > lype 310 > Type 317 >
Type 309 > Type 330 > Incoloy 802 > 2-1/4Cr-

LMo > Inconel 600 > Nickel > Armco iron,

As shown below, stress was found to promote
carburization in Type 316 stainless steel exposed
at 1200 F sodium, ’

" Exposure Time, hour
Stress Level, psi
Average Carbon Content,

ppm
0-2 mils below surface 3,211 1,063
2-4 mils below surface 1,516 491
4-6 mils below surface 686 561
6-8 mils below surface 806 471
Original Carbon Coritent,
ppm o : 458 458

2,489 4,000
18,500 0

Creep-Rate Behavior, See Figures 2,4 and
2.5. The deformation-time curves for Type 316
stainless steel in 1200 F high-carbon sodium
showed inflections and only brief second-stage
creep periods,

Creep-Rupture Behavior. See Figure 2,6.

Cyclic-Strain® Behavior, See Figures 2,7
and 2.8,

Tensile-Strength Behavior, Variations of
tensile strength after the following 1200 F ex-
poesures were 5 percent or less:

(1) Air
{2) Helium

(3) 400 hours in low-oxygen sodium; tested
in helium,

Typical valucs for sodium-éxposed speci-

mens were:

- et

Tensile Strength
1200 F - 48,470 psi
RT - 92,850 psi
% Defined as the ratio of specimen thicknesses
to the radius of the mandrel over which the
gpecimen was bent,
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FIGURE 2.4, MINIMUM CREEP RATE QF TYPE
316 STAINLESS STEEL IN AIR,
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.‘ 1200 F(41)
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FIGURE 2.5, MINIMUM CREEP RATE OF TYPE
316 STAINLESS STEEL IN AIR,
HELIUMi)AND SODIUM AT
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FIGURE 2.6. CREEP TO RUPTURE OF TYDE
316 STAINLESS STEEL SPECIMENS
IN AIR, HELIUM, AND SODIUM
AT 1200 Fl4¢)
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FIGURE 2.7,
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FATIGUE TESTS OF 316 STAIN-
LESS STEEL IN AIR, LOW-OXYGEN
SODIUM, AND HIGH-CARBON-
SODIUM ENVIRONMENTS AT

1200 Fl4!
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FIGURE 2,8, FATIGUE TESTS OF TYPE 316

STAINLESS STEEL IN AIR, LOW-
OXYGEN SODIUM, AND HIGH-
OXYGEN SODIUM ENVIRONMENTS
AT 1200 P41

Offset (0. &%) Yield Strength
1200 ¥ - 25,870 psi
RT - 43,930 psi

Elongation
1200 ¥ - 43 percent
RT - 48 percent

Impact -Strength Behavior. Exposures of
4000 hours at 1200 F resulted in the following
reductions in impact strength:

(1) 47 percent ia helivm
{(2) 65 percent in sodium (high oxygen)

{3) 82 percent in sodium (high carbon)

AUSTENITIC STAINLES3
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(Original miaterial had impact strengths
between 9 and 10 ft-1b for 0. 098 -inch-thick
specimens. )}

2.1.6,2, Type 316 Stainless Steel; Recommended
Derign Stresaes for Sodium Servicel®%/

Figure 2. 9. preseats recommended stress
curves '"developed by applying the fcllowing factors
to the stress levils reduced by the extended life
and environrnental considerations for each of the
materials:

(1) 100 percent of the average stress to
produce 1 percent creep in 210,000
hours

(2) 100 percent of the stress to produce
rupture in 210,000 hours.

"Figure 2. 9 includes all of the factors for
extended life (210,000 hours) and the nonoxidizing
environment effect. The extended life does not
affect.the design stresses until approximately
1150 ¥, This effect reaches 10 percent between
1200 and 1250 F and a maximum of 33 percent at
1400 F. The nonoxidizing environment effect,
which was reported by MSA Research Corporation,
shows a 20 percent reduction of creep styength at
210,000 hours. Applying this effect to the creep
curve, it now becomes the controlling factor at
approximately 1050 F.

"Not included in the design streas curve
are the effects of carburization and of nickel and
chromium transport, Although carburization tends
to strengthen, it also tends to embrittle the
material, :

2,1.7. Nitrogen-Transport Behavior

2.1.7.1. Nitriding of Stainless Steall45:46)

Although nitrogen is considered to be
practically insoluble in sodium, early experiments
at Knolls have demonstrated that ferrous alloys
and beryllium are readily nitrided in sodium when
confined under a nitrogen cover gas. Results of
static capsule tests, performed at 900 F for 7
days, and static container tests, conducted at
1100 F for 30 days, are presented in Table 2. 9.
These results indicate that (1) the ferrous alloys
(with the possible exception of 2-1/4Cr-1Mo) and
beryllium will nitride in sodium when in the pre-
sence of nitrogen, either dissolved or carried as
Ca3N2, and (2) the nitride reaction occurs at
900 F. The boundary between the nitride layer
and the base material in the austenitic stainless
steels had the same sharp delineation that is
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FIGURE 2.9, DEVELOPED DESIGN STRESSES
FOR TYPE 316 STAINLESS STEEL
IN A SODIUM ENVIRONMENT AND
A 30-YEAR LIFE(44)

TABLE 2,9, NITRIDING OF VARIOUS MATERIALS IN SODIUM UNDER A NITROGEN COVER GAS(46)
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prominent in commercially nitrided steels. Also
apparenl in these tests was 4 noticeable decrease
in hardness of the nitrided materials. This de-
crease in hardness was attributed, by the authors,
to a combination of two factoras: {irst, nitride
layers that are maintained at elevated tempera~
tures for long periods of time tend to soften, and
second, nitriding may be incomplete under the
reaction conditions during the tests. It was postu-
lated, from the thermodynamics of the reaction,
that nitrogen transport in sodiumn (via diffusion,
entrainment, or in Ca;N, as a carrier) could
conceivably be the rate-controlling step in the
nitriding process,

The results observed in the Knolls study
weyre confirmed several years later for Tzspe 304
stainless steel at Atomics !nternational.( )
In this more extensive investigation, nitriding of
Type 304 stainless steel occurred in sodium loop
tests at 1000 ', The experiments consisted of
exposing Type 304 stainless stecl specimens to
low-oxygen-content (10 ppm) sodium in a low-
velocity (0.1 to 0, 2-ft/sec) test loop employing
nitrogen as a cover gas, The specimens were
positioned in the loop so that a portion of each
extended above the surface of the sodium into
the nitrogen atmosphere. One specimen was com-
pletely submerged 18 inches below the gurface of
the sodium. Specimens were removed from the
loop after exposures of 660, 1100, and 1400 hours
and examined metallographically, The results of

—— - —]

Weight Thickness
Surface Change, mg of Nitride Knoop Hardness ’
Area, (Average, of 3 Layer, Nitride Base
Test Material dm? Specimens) mils Layer Material X-Ray Diftracticn Data
Static Capsulv Tests Be 0,072 + 0, 4(a) None(B) - - Film identified as
900 F, 7 days Be N,
03 = 0,003 wt% 347 88 0,074 + 1,0 0,25 285 178 None taken(c)
Ca = 10 ppm
Static Container Tests 347 88 0,196 + 9.0 0.4 243 182 None takenlc)
1100 F, 30 days
02 = 0,003 wt % 304 S8 0,163 +9.0 1.0 350 156 Layer ideatified as
Ca = 10 ppm vCeN
410 35 0,163 +18,0 2,25 263 154 Layer adentisied as
yCrN
2. 5Cr-1Mo 0,163 0.0 None 155(d) 131 -
18-4-1 tool 0,102 t 2.0 1.5 310 243 None taken(t)
steel
6-6-2 tool 0,163 + 1.0 1.5 2 212 None taken(c)
steel

(a)
(b)
incomplete descaling.

(c)

this film carries a nitride.
(d) Too small an increase to be significant in the absence of 4 visible film,

After descaling; film weight (per specimen) 1, 6 mg,
No visible nitride effect cn descaled surface, except remaining nitride film caught in narrow irregularities owing to

Structure similar between this film and X~ray identified {ilms,plus the increase in hardness, are taken as evidence that
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these tests, Table 2. 10, indicate that Type 304
atainless stecl will nitride in a 1000 F sodium flow
loop. It is evident from Table 2. 10 that nitriding
is relatively rapid immediately below the sodium-
nitrogen interface, and the degree of nitriding
decreases with increasing distance from the
sodium sidz of the boundary. Expoaure for 1140
hours or more was sufficient to produce some
nitriding on the gas side of the interface. For the
completzly submer¢ged specimen, 18 inches below
the sodium surface, a very thin case was found to
exist after 1400 hours' exposure.

Also, to ascertain the effects of nitriding
on the mechanical properties of Type 304 stainless
steel, tensile, stress-rupture, and flexural-
fatigue tests were performed on specimens which
had been nitrided by commercial techniques em-
ploying ammonia gas, Table 4,11 summarizes
the results of these tensile tests. An increase in
the yield strength and a marked decrease in both
ultimate strength and ductility (elongation) were
exhibited by the light (1 to 2-mil case) and the

18
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heavy (4 to 6-mil case) nitrided Type 304 stainless
steel, Thesge effects occurred from room tempera-
ture to 1000 F. From the stress-rupture tests,

it was determined that at 1000 F, the nitrided
material has an appreciably shorter lite at a

given stress than does mill-annealed Type 304
stainless steel. For example, it is evident from
Figure 2,10 that at a stress of 40,000 psi, the

life of the "as received" specimens is approxi-
mately 50 times that of specimens with a 1 to 2-
mil case. Furthermore¢, the heavier the case the
shorter the rupture life at a given stress,

2.1,7.2. Nitrogen Migration Via Disgsimilar-
Metal Mass Transfer!®>!

In refractory metal-stainless steel- sodium
systems, the transfer of interstitial nitrogen
(similar to carbon) from stainless steel te the
refractory-metal surface (where more stable
nitrides are formed) has been observed. The
system Type 316 stainless steel-columbium-
sodium was extensively investigated in the 1500

TABLE 2,10, NITRIDE-CASE THICKNESS FOR TYPE 304 STAINLESS STEEL
EXPOSURE TO 1000 F SODIUM-NITROGEN SYSTEM(45

Loiit\

Nitride=Case Thickness,

mils

Specimen Position

Exposure Time,

Sodium=Side Interface

Z

itrogen=Side Interface

hours Slightly Below 3 Inches Below  Slightly Above 3 Inches Above
660 0.9 0.1 None None
1140 1.5 0,1 V.1 0.1
1400 2.0 0,3 - 0.4

TABLE 2,11, TENSILE DATA FOR NITRIDED TYPE 304 STAINLESS STEEL(45)

As Reccived

1 to 2=Mil Case 4 to 6=-Mil Case

Yield Strength, psi

RT 35,300

500 F 22,500

1000 F 18,800
Ultimate Strength, psi

RT 93,100

500 F 67,900

1000 F 61,900
Elengation, percent

RT 65,2

500 F 34,9

1000 ¥ 32,8

34,000 39,500
28,400 29,800
26,900 29,800
74,000 60,000
53,500 41,600
48,100 41,700
35,6 17.5
19,6 10. 5
18,3 6 5

-
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to 1800 ¥ temperature range.(‘“) The results of
Table 2. 12 indicate

in thes® tests, the jncreases in nitrogen
concentraunn of the columbium wers datermine
nd veriiied BY metallo~
nations. These analyti=
ons revealed that the gusiace fayer
the columbiur conpiated of CbgN”

gy

I
*® A layer of ChG wad also shown to have formed.

TABLE 24 12, gFFECT o¥F MASS TRANSFER oF G
. PROY ERTIES or

ARBON AND NITROGEN ON ROOM
cowMBmMM TRSTED N sopIuM IN TYPE 310 ST AINLESS s*rmmﬂb\ CONT

GHROMIU M A LLOY
$TEELS

sODIUM AND NaK

2.2 CHROMIUM ALLOY STEELS

D

2. 8.1 Comgatibihtx - Lie.neral
Chromium alloy ateels , a8 subalitutes {for
austenitic gteels, have beer widely investigated

These materials
Y reasonable strength at such
1n additions when
compared with austenitic gtainless steels;
alloys exhibit high thermal conduct'wltiea and low
coefficient® of thermal expangions which facilitate
a reduction & thermal stress and fatigue in large~

When chromium—alloy ateels are exposed 0
sadiurm, the "principal problem encountered is

1088 of carbon and c.onaequent oss of strength-
Compatibmty gtudies have lnvariahly given em-~
phasis o this particular aspect of the problem.
general conclusions from & broad gpectrum
of laboratery inve stigation® jnclude?

() within the range of permiuibla gtrength
o about 1200 Fy the resintance ©

regard, these ma.ter\a.h are ¢0
more sensitive than the austenitic alloyé.

i

_TEMPERATURE TENSILE
AINERS““

change io yitimate Tensile Elongation in
Suriace-l\rea Rutlo Concentratlon gtrengthy pei Inches her can:
Temperatul®s Tme, of Stainless steel in Columbiumy ppm pefore After Belore After
¥ houts to Golumblur. Carbon Nitroged Taest Test _Test Tedt
1700 1000 0.1 100 - 20
1700 500 6,5 +240 + 660 22,800 48,200 17.5 5
1700 500 6.5 +420 +1920 22,800 46,200 11.5 11
1800 500 40 4190 + 60 22,800 50,40 11.5 b
— e // e / ,__,,.,___,__,.,,,,__,.___/_,._..._____,..—-—
{a) AlL apec\mens used in theue testd ware annoated for 2 houts at 1600 © in vacuum prior 0 expoBur S gpecimen thickneds,

0,040 inche
(b} 18Cr=} AN~2 sMa=1. gMn-0. 0()‘3«0.03N.
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(2} At temperatures up to about 900 F,
chromium alloy steels do not sutter
loss of carbon as a result of sodium
exposure. At higher temperatures,
particularly when a carbon sink is
present, carbon losses do occur and
can progress to the point where the
material in serioualy weakened., In
practical heat-exchange systems,
this sink uaually consists of some
austenitic steel component,

(3) Resistance to decarburization is a
direct function of the chromium content
in chromium alloy steels. This is il-
lustrated by the following observations
on indert specimens exposed to sodium
in pump loops fabricated of austenitic
stainless steels and operated with
oxygen levels below 100 ppm.

Exposure Temperature

Alloy in Loop System, F Decarburization
I/2Cr 1100 Nearly complete
1Cr-1/2Me 750 None

1020 Nearly complete
1-1/4Cr- 1Mo 1050 About 40 percent
1100 Nearly complete
&-1/4Cr- 1Mo 750 Nane
950 None
1020 Slight
1080 About 50 percent
1100 Nearly complete
ACr-0.5Mo 1050 Slight
5Cr- 0.5M0o-0, 3974 1050 None
5Cr-0.5Mo-1-1/284 950 None
7Cr-0. 5Mo 1050 None
9Cr-1Mo 1050 Slight
12C» 930 None

selected from References 4, 8, 9, 27, 48+50.)

(4) The resistance of low-chromium alloys
to decarburization can be significantly
improved through the additiun of re-
fractory metals which function as
carbon estabilizers,

2, 2,2 Detailed Loop-Test Data

2.2.2,1, 2-1/4Cr-1Mo and 5Cr-1/2Mo-1/2Ti
Alloys; Inserts in and Cold Legs of Pump Loops
With The Same Material or Type 310 Stainless
Steel as the Hat Legs'®s<’/

Nominal Sodium Conditions.

Tax = 1100 and 1200 F
AT =250 and 500 F
V =to 30 fps

Time =to 30,000 hours

Oxygen in
sodium = 10 and 50 ppm (by cold
trapping).

CHROMIUM ALLOY
STEELS

SODIUM AND NaK

2-1/4Cr-1Mo Steel. This material decar-
burized in buib vnveinstallic and Bimotzllic {(Tyna
316 stainlesg steel hotleg) systems and suffered
a corresponding loss of tensile strength, In the
monometallic case, the carbon migration oc-
curred from the high-temperature (~ 1200 F) to
the low~temperature zone; in the bimetallic case,
the migration occurred from zones have tempera-

tures greater than 1000 F to the austenitic regions,

Data pertinent to these studies are listed helow:

Room-Temperature

o Insert Exposure Carbon  Strength of 2-1/4Cr-1Ma
Temperature, Time, Level, ____ Insert, pai -
_Type of Loap ____F hourw  percemt Yield Ultimate
Nane {original - - 0.10 52,000 98,000
stock)
Bimetallic 1000 2800 o.10 §9,000 85,000
{0, ¥ %0 ppm)
Monometallic 1000 1100 .09 51,000 80,000
{02 ™ 10 ppm)
Bimatallic 1100 100 0.04 35,000 68,100
(02 ¥ 10 ppm)
Bimetallic 1100 1400 0,04 30,000 61,000
{0z ¥ 10 ppm})
Monomastallic 1200 700 0.05 32,000 63,000
{0z ¥ 10 ppm)

5Cx-1/2Mo-1/2Tji Steel. In both the mono-
metallic and bimetallic systems, this material
was largely unaffected by carbon transport.
However, it did suffer intergranular attack up to
1 mil after 2800 hours' exposure in the 1000 to
1200 F range (~50 ppm oxygen in the sodium),

2,2,2,2 2-1/4Cr-1Mo Alloy With Refractory
Metal Additions; Insexts in a Thermal Lioop
Fabricated of Type 304 Stainless Steel'®"/

Nominal Sodium Conditions

Trmayx = 1200 F

AT =750 F
Vv = 0.1 £ps
Time = to 4000 hours
Oxygen in

Sodium = approximately 60 ppm.

Materials
2-1/4Cr-1Mo .
2-1/4CT-1Mo-0. 037Ch (453)*
2-1/4Cr-1Mo0-0, 73Chb (4S17)
2-1/4Cr-1Mo-0, 32Ti (452)
2-1/4Cr«1Mo~0, 4Ti-0, 1Cb (455)
2-1/4Cr-1Mo-0, 4Ti-0, 4Cb (481)
2-1/4Cr-1Mon=0, 4T{-0. 4Cb~1, 3Ni (582)
2-1/4Cr-1Mo-0, 6V (4584)
2-1/4Cr-1Mo-0, 6V-0. 1Ch (458)
2-1/4Cr«1Mo-0. 6V-0,25Chb {459)
2-1/4Cr-2Mo-0, 4Ti-0, 4Cb (551)
5Cr-1Mo-0.4Ti-0.4Cb (751)

Corrosion Behavior. The resistance to
corrosion was improved by refractory-metal
additions, Typical specimen weight changes
were as follows:

* Laboratory designation,

i oot
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SODIUM AND NaK CHROMIUM ALLOY

STEELS

2-1/4Cr-1Mo steel: -0, 11 mg/(cm?)

(month)*
Refractory-metal-alloyed steels: -0.03
to =0, 07 mg/(cm?){month)

Type 304 stainless steel (comparison
material); -0.02 mg/{(cm2){month).

Carbon Transfer. Improved resistance to
carbon transfer was also obtained through the
addition of refractory metals, This observation
is illustrated by the following variations in car-
bon concentration resulting from 1000 to 4000-
hour exposures.

Approximate
Pre~exposure Carbon Approximate

Material Level, wt% Change, wth
2~1/4Cr-1Mo 0,11 -0,08
483, 482, 454, 458 0. 14 -0.03t0 0,07
487, 455, 451, 552, 489 0,14 to 0. 16 0 to -0,02
581, 751 0.15t0 0,17 to +0,02
Type 304 stainless steel 0.06 +0, 01

{comparison material)

2.2,2,3 12Cr-1Mo and 13Cr-1Mo Alloys; Inserts
in Pump Loops Fabricated of 18Cr-9Ni-1Ti
Steell?)

Nominal Sodium Conditions

Tmax = 1292 F
V = to 15 fps
Time = to 6,500 hours
Oxygen in

Sodium = 20 to 50 ppm,
Materials

12Cr-1Mo-0.3W=0. 42V
12Cr~1Mo~0, 59W-0. 31V-0, 42Cb
13Cr-1Mo-18i-0. 37Cb

Carbon Transfer

12Cr-1Mo-0,59W-0. 31V-0. 42Cb changed from
an initial carbon concentration of 0.20 percent
to a final carbon concentration of 0. 14 per-
cent in 5100 hours,

12Cr-1Mo-0,3W-0, 42V changed from an initial
carbon concentration of 0. |4 percent toa final
carbon concentration of 0.13 percent,

#* A weight loss of 1 mg/{cm&){month) is approxi-
mately equivalent to the uniform removal of
0.6 mil per year of surface.

SODIUM AND NaK

CHROMIUM ALLOY
STEELS

13Cr~-1M0-15i-0, 37Cb did not vary in carbon
level.

Strength and Ductility. The strength and
ductility of sodium-exposed inserts (5100 to
6500 hours) were approximately the same as
those of inert-atmosphere control samples ex-
posed for 5000 hoursa,

Original Properties

Ultimate

Tensile

Strength, Elongation at Fracture,

Material pei percent
12Cr-1iMo0-0,59W-0, 31V~ 132,000 11
0, 42Cb

12Cr~IMo-0. 3W-0, 42V 78,200 17
13Cr=-1Mo-18i-0, 37Ch 108,000 13

5000 Hours lnert Atmosphera

Exposure
_ At 2R F
Ultimate
Tendile
Strength, Elongation at Fracture,
pui percent
i2Cr~-1Mo-0.59W-0, 31V~ 81,000 22
0. 42Cb
12Cr=-1Mo=0, 3W-0. 42V 79,500 16
13Cr-1Mo-18i-0, 37Chb 96,500 12

Sodium Exposure at

1292 F

Ultimate

Tensile

Btrength, Elongation at Fracture,

psi percent
12Cz-1Ma-0,59W-0.31v-  81,000(8) 24
0, 42Ch

12Cr-1Mo-0, 3W~0, 42V 75,500(') 18
13Gr-1Mo-18i-0, 37Cb 95,000(b) 12

(a) Expoased for 6500 hours,
(b) Exposed for 5100 hours,

2.2,3 Mechanical-Property Effects

2.2.3.1 2-1/4Cr-1Mo Alloy; Evaluation of Me-
chanica) Properties After Sodium, Air, or Helium
Exposure at 1100 p{45,51])

Carbon Transfer. Sodium-exposed speci-
mens lost carbon approximately as follows:

Average Carbon Level, ppm

Low-Oxygen'8)  High-Oxygen
Time, hours Sodium Sodium
Original 870 870
2000 550 400
4000 450 350
6000 350 -

(a) Low-oxygen sodium = ~30 ppm oxygen
High-oxygen sodium = ~300 ppm oxygen
High-carbon sodium = generally, in the 30 to

60-ppm-carbon range (saturated or nearly so).
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CHROMIUM ALLOY
STEELS

SONIUM AND NakK

In high-carbon sodium at 1100 F, specimens
rapidly absorbed carbon to an equilibrium value
of approximately 0.5 percent,

Creep-Rate Behavior. See Figure 2.11.

Samples exposed to both helium and high-
oxygen sodium indicated earlier third-stage creep
than samples exposed to air.

Test conditions
X Helium B Ajr

2 & Na (30 ppm Qp)

g 100 = v Na (300 ppm0g)

o} 4 Na(30 ppm Opl(pre exposed)
. ¥ No (300ppm Op){pre-exposed)
8 0 VA

g = &

m 4

1

| | |
g 107 0% 1o® ot 10°
Minimum Creep Rate, 7o /hr

FIGURE 2.11, MINIMUM CREEP RATE OF
2-1/4Cz-1Mo ALLOY STEEL IN
AIR, HELIUM, AND SODIUM AT
1100 Fi51)

Creep-Rupture Behavior. See Figure 2,12,

The high-oxygen sodium introduced surface
cracking and a fagter rate of decarburization,
which might lead to additional deleterious effects
over long periods of time,

Curve) Exposure Rupture media

I [None Air ond helium
None Na (30 & 300 ppm Op)
4000 hr-Na(30 ppm Qp) | Air and helium
4000 hr=Na(30 ppm O,) | Sedium(30ppm Og
4000 -Na(300ppm Op){ Sodium (300ppm Og)
4000hr-Na{300ppm Qg)| Hellum

psi

Q0

LR
O e N

Stress, 1000

L]

e

o
Hi» ’~

10

10 100 1000
Time, hours

FIGURE 2,12, CREEP TO RUPTURE OF 2-1/4Cr-

IMo ALLOY SPECIMENS IN AIR,
HE mumi AND SODIUM AT
1200 p31)

Cyclic Strain Behavior. The fatigue life
at 1100 F varled approximately as follows:

CHROMIUM ALLOY
STEELS

SODIUM AND NaK

Approximate Cycles to Failure
Sodium {30 and

Cyclic Strain,

percent Air and Helium 300 ppm Oxygen)
2 400 2,500
0.6 2000 30,000

Tensile-Strength Behavior. The tensile
strength of sodium-exposed specimens was signi-
ficantly reduced from that of specimensy in helium
and air. Average 1100 F tensile properties
following 400-hour exposures were as follows:

Sodium
(low oxy-

Air Heliurn _ gen) (a)

Tensile Strength, 65,1200} 38,550(b) 26,150

psi

Offaet (0.2%) 27,990 23,700 17,100
Yield Strength,
pel

Elongation, 3l 33 45
percent

(a) Exposure to high-oxygen sodium reduced the
tensile strength to approximately 22,000 psi,

(b) The difference between air and helium ex-
posures was labeled as "inexplicable',

2,2.3,2 9Cr=1Mo Alloy; Evaluation of Mechanical
Properties After Decarburization in a Type 316
Stainless Steel NaK-78 Loop at 1425 F (lsothermal)
for 600 Houru(3&)

Carbon Transfer, Specimens were de-
carburized from an original carbon concentration
of 0,12 percent to less than 0, 0l percent,

Mechanical-Property Behavior

Ultimate Stvength, pal

Temperature,

¥ Controlié Decarbur{aed
178 71,200 55,100
500 64,900 48,900
1100 &7,600 22,000
1300 10,200 8,130
1400 6,080 4,320
Carbon
Content of
Yield Strongth (0, 2% Decarburized
Tomperatuye, QOffuet), pul Specimen,
P Control'®  Decarburized percent
18 45, 300 35,500 0,008
500 36,600 24,550 0,007
1100 19,070 16,330 0, 004
1300 9,590 7,800 0, 004
1400 5,810 3,920 0. 004

{a) Control specimens were given same thormal history as
decarburized specimens, i, o, fully annoaled and
heated 600 hours at 1445 F,
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2,.2.3.3 9Cr-1Mo Alloy Steel; Recommended
Design Stresses for Sodiurmn Service(44)

SODIUM AND NaK

Figure 2.13 pregents recommended design
stress curves for 9Cr-1Mo alloy steel. These
curves were developed in a manner analogous to
those for Type 316 stainless steel, presented in
Figure 2.9 on page 16.

6 I LA
1962 ASME Bolter and

Pressure=-Vesse! Code-
. Section VI Stresses

14 - ]
F Oevelopsd design

12 | stresses for @ sodium ‘\
- . environment ond a
& o | 30-yeor iite- \
8 \
= 8
]
Q
€
&
4 T
- 70% of 1962 ASME Boller and
2 1. Preswure Code-Section VIl Stresses’ Ny
\ \
0 1

%00 800 700 800 900 1000 1100 1200
Temperature, F

FIGURE 2,13, DEVELOPED DESIGN STRESSKES
FOR CROLOY 2-1/4 ALLOY
STEEL IN A SODIUM ENVIRON-
MENT AND A 30~YEAR LIFE(44)

NICKEL- AND COBALT-
BASE ALLOYS

2.3 NICKEL~ AND COBALT-BASE ALLOYS

Z2.3.1 Compatibility - Gensral

Nickel- and cobalt-base alloys have been
examined for sodium and NaK service, with em-
phasis at temperatures above 1200 F', the approxi~
mate temperature at which the usefulness of
austenitic stainless steels may be limited by
mechanical strength, However, these materials
have not been suhjected to the intensive multi-
laboratory types of investigation which are associ-
ated with the stainless steels. The underlying
roason ia that thelr resistance to corrosion and
masse transfer (in the temperature realm where
their strength would give thern the advantage)

NICKEL- AND COBALT -
BASE ALLOYS

SODIUM AND NaK

is insufficient to assure long trouble-free life
for a nonisothermal system,

Corrosion-locp data for nickel-base alloys
are included in Tables 2. 13 and 2. 14 (pump loops),
in Table 2. 15 (thermal convection loops), and in
the section at the end of the discussion {Inconel
pump loops encaompassing several variables), It
is seen that below 1300 F, nickel-base alloys suf-
fer very little corrosion in sodium environments,
Above this temperature, however, corrosion and
mass transfer in pump-loop experiments occur
in amounts several times greater than for stain-
less steel experiencing the same thermal condi-
tions. The corrosion is characterized by the
selective leaching of nickel and, to a lesser de-
gree, chromium, A typical composition of
material deposited by masa transfer of Inconel
is 90Ni-8Cr-0, 5F e,

It is generally accepted that the solubility
proceas dominates the mass-transfer behavior of
nickel-base alloys in flowing nonisothermal ays-
tems, and that the rate-controlling step in the
proceus is the rate of diffusion of reaction pro-
ducts through the boundary layer at the hot zones,
Theee characteristics can be deduced on tho basis
of the particularly diatinct pattern of masy-transtor
dependency on temperature, temperature dif-
ferential, and flow velocity, The effect of velocity
is especially well illustrated by a comparison of
thermal-convection-loop data, indicating sparse
manss transfer, with pump-loop data, indicating
fairly coplous deposits, under aimilar conditions
of temperature and time,

Only a scant amount of information exists
relative to carburization of nickel- and cobalt-
base materials during sodlum exposure, The
data in Tables 2,16 and 2,17 show that a car-
burizing environment will result in carburization,
although generally to a lesser degree than for the
austenitic stainless wteels. The conditions under
which decarburization might occur, however,
arc j+ss clear. On the one hand, evidence of
decarburization iw reported as a part of the in-
formation from the thermal-convection-loop
experiments listed in Table 2. 15; a low oxypen
lavel (<20 ppm) was maintained. On the otlier
hand, an Oak Ridge wource(56) outlines evidence
of decarburization of Inconel by sodiurn exposure
in instances where the sodium apparently had &
higher-than-normal oxygen level, A link betwecen
this decarburization and the oxygen level was
suggested, inasmuch as decarburization of Inconel
wasp not observed as a result of exposure to
sodium of higher purity,

The decarburization of Inconel from the
Oak Ridge Sourcel36) was cited as the reason fur
some loss of creep strength of the specimons

e i i




Tinaxs Time, Flow Oxygen Level, Attack in Hot Zone, Masw-Transfer
AT, F  hours (Hot Leg), fps ppm " mile Deposit, milse
| ;
| 1800 400 275 14,7 < 50 2,5t0 3,5 6.0
) 1800 400 500 14,7 < 50 3,0ta 5.0 10.0
\ f 1650 400 497 14. 4 <100 1.0to 1.5 8.0
’. i 1650 400 1000 14. 4 <100 2.5to0 4.0 5.0
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SODIUM AND NaK

TABLE 2,13,

DATA FOR PUMP-LOOP EXPERIMENTS INVOLVING
SELECTED NIGKEL-BASE ALLOYS{(12,53)

24

NICKEL- AND COBALT-
BASE ALLOYS

Matorial of Loap Construction

Corrosion Findings

Inconel

Incoloy

Hautelloy pla)

Hastelloy W

Hastelloy X (as heater
leg with pump cell of '
Inconel and remaining
sections of Type 316
stainless steel

Tmax = 1500 F; 4T = 300 F; t = 1000 hours

Thmax = 1700 F; 8T = 650 F; t = 305 hours

Hot-zone attack to & mils; heavy cold-zone deposits to 18
mils

Almost identical to that for Inconel

Heavy hot-zone surface pitting to 1-1/2 mils; slightly more
cold-zone depoaits than for Inconel

Hot-zone intergranular attack to i-1/2 mile; about 17 pew-
cent greater cold-zone depoaits than for Hastelloy B

Hot-zone attack; characterized by large subsurface voids,
to 3-1/2 mils (Hastelloy X); intergranular attack to~ 1
mil at entrance to cooler (Type 316 stainless steel);
deposits up to 32 mils in cooler; no observation re-
garding interactions among construction materialu

(a) A 1300 F peak-temperature, Hastelloy~B system (AT ¢ 300 F, t » 1000 hours) showed very sparse

mass-transfer deposits, The depth of intorgranular attack however, was about the wame as in the 1

1500 F system,

TABLE 2, 14,

DATA FOR PUMP-LOOP EXPERIMENTS INVOLVING
HAYNES ALLOY NO. 25 AND NaK-56(54)

Pretest _Corrosion Findings
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SODIUM AND NaK NICKEL- AND COBALT-
BASE ALLOYS

TABLE 2,1¢, CARBON-PICKUP DATA FOR VARIOUS ALLOYS AFTER EXPOSURE
TO GRAPHITE AND SODIUM, 100 HOURS, 1500 F{!1

Carbon Found

Carbon in in 3=Mil Depth of
Sodium, - Surface Carburization,
Material wt % Layer, wt % mils

Hastelloy B _ il 0,68 5

S Y'os 0.58 8

10 1,12 8

Type 310 Stainless Steel l 0,39 2
5 0.99 4 !
10 1,43 4 |
Type 316 Stainless Steel 1 0, 61 2 ‘
5 1.0 ' 4 \
10 2,35 4 I
Type 430 Stainless Steel 1 0,27 4 |
5 1,30 10 |

10 1,47 24

TABLE 2.17. CARBON=PICKUP AND MECHANICAL-PROPERTY DATA FOR VARIOUS ALLOY SAMPLES
ROTATING IN ﬁomum {~25 FPS, 1500 HOURS, 1110 F) OIL VAPOR PRESENT IN THE
COVER casl®?

Aftor 700 Hours Inept - B
Atmosphere Exposure After 1500-Hour Sodium Exposure at 1110 F

SO L 30 8 U1 0 Approximate
Ultimate Elongation Ultimate Elongation Thickness
Tensile Strength, at Fracture, Tensile Strength,  at Fracture, of Carbide
Mutarial _psi percunt psi percent _Layer, mils

20Cr=65Mi (Nichrome) 147,000 29 90,000 45 2
20Cr=78Ni=1 Al 1T} (Nimonic) 106,000 40 104,000 35 0
16Gr=60Ni=2Al (Nimonic) 174,000 13 132,000 25 1 :
Nickel 89,000 25 61,000 50 1
200w LINT=251 113,000 37 94,000 14 1
LHC v =14Ni=1T1 123,000 28 104,000 0,5 16 R
LHC r~12Ni«2Mo=L T . 104,000 3 94,000 5 8

.




Stress, 1000 psi

SODIUM AND NakK NiCKEL- AND CBALT -

BASE ALILCYsS

involved. The information in Figure 2. 14* and
Table 2,15, however, indicates that deterioration
of mechanical properties of Inconel owing to
sodium exposure does not corstitute a problem of
special significance, as is the case for austenitic
stainless steel,

0 ol .
1 TR ([
0% slongalion
10 o s o ‘ J
o.snl 1% 2| HH e} iow | THRE ~, l
SRR R R ’
o -~
S = ]
5 ED
. L
O\ I Y
2 .)}‘."s Fidil Sl
-.O Rupture In Argon
— 300 F
-ea 800 F
| [ - o
| LG 50 W0 %0 ‘000
: Time, hours

FIGURE 2. 14. DESIGN CURVES FOR AS-
|RECEIVED INCONEL TESTED IN

L . SODIUM AT 1300 and 1500 F(58)

On the basis of relative sclubilities of
nickel and cobalt (see Tables 2, 4 and 2,5), and
assuming that mass transfer of nickel- and cobalt-
base materials ie solubility dependent, the con-
clusion might be reached that the resistance of
the latter to attack by sodiuim or NaK should be
superior to that of the former, However, the
few pertinent compatibility data which exist lead
to the conclusion that this is not actually the case,
Rather, as indicated by the Haynes Alloy No,
25-NaK data presented in Tables 2. 14 and 2. 15,
the corrosion and mass~transfer behavior of the
two types of materials appears to be about equal
at comparable temperature levels.

2.3.2. Inconel Pump-Loop Experiments
Encompassing Several Corrosion
Parameters{10,1T,12)

2,3,2.1 Effect of Temperature

Fluid = Sodium
T = 200 or 300 F
t = 1000 hours

* Testing of Inconel in both argon and sodium at
1300 and 1500 F reveals very little difference
between the creep~rupture properties in the
two environments
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Peak Loop
Temperature, F . __ Corrosion Findings
1000 Original oxide film on tuhing
was andisturbed: no hot-zone
attack or cold-zone depousits
1350 Hot- zone intergranular attack
to 1/24 mil; scattered cold-
zone deposits to 3 mils
thickness
1500 Hot-zone attack to 2 mils;
heavy cold-uone deposits to
18 mils thickness,
Conclusion: Temperature produced a significant

effect on corrosion,

2,3.2.2 Effect of Temperature Differential

Fluid = Sodium
T = 1500 F
MAX = 1000 hours
Temperature

Differential, F Cold-Zone Mass Transfer

150 12 mils thick, 5-1/2 gla)
300 18 mils thick, 13-1/2 g
400 20 mile thick, 21 g

{a) Welght of deposit (approximately 90 percent
nickel and 10 percent chromium) seraped
from wall.

Conclusion: Plot of AT veraus weight of deposit
shows almost linear relation,

2.3, 2,3 Effect of Time

Fluid = Sodium
T = 1500 F

max
y 300 F

Yy

L.ength of Run, Weight of Cold-Zone

hour s Deposit, g
500 7
1000 13-1/2
2000 20
Conclusion: Rate of mass transfer between 1000

and 2000 hours appears to decrease
somewhat from almost linear vari=
ation below 1000 hours.




SODIUM AND NaK ZIRCONIUM AND

ZIRCONIUM ALLOYS

2.4.2.2 Disuolution Weight Lusses

At 740 ¥, zirconium ingerts in NaK-78 con-
taining approximately 15 ppm oxygen lost about
0,2 mg/cm,' during 500-hour exposures.

At 1020 F, sparge cold-trap and heat-
exchange deposits were okserved 4) in a sodium
sy stem where the oxygen level was maintained in
the 15 to 25 ppm range by cold trapping. This
dissolution effect for szirconium is illustrated in
Figure 2,7,

10
L 1
F\:— Cold-trap deposition
)

N\

o _ .
6 \(\\ﬁr Heat-exchanger deposition
\}
\\
\\
"

. \rm‘
2

50 - 300 350 400 450
' ,Cold Trap Temperature,F

n

Weight of Zirconium, pg/cm? of spesimen

FIGURE &,17. MASS TRANSFER OF ZIRCONIUM
. IN FLOWING SODIUM AS A
FUNCTION OF COLD-TRAP
TEMPERATURE (1020 F; 1000-
HOUR TEST){4)

2,4.3, Zirconium and Zirconium-Alloy
Inserts Exposcd to Static Sodium!00l

The oxidation of zirconium and several
zi rconium alloys was investigated at Atomics
International{60) in a static sodium system with
oxygen concentration of approximnately 10 ppm.
The materials investigated were:

2.4.3.1 Materials

Zirconium
Zr-1.5A1
Zr-1.5A1-1,58n
Zr-1.5A1-35n
Zr-1.5A1-1,5Mo
Zr-1.5A1-1Sn- Mo
Zr-3Al

Zr-3Al1-1, 58n
Zircaloy-2

2.4.3.2 Oxidative Weight Gains

The slopes of log (weignt gain) versus log
(time), which ere the values of 1/n in Equation
{2), for these materials are:

SODIUM AND NaK ZIRCONIUM AND

ZIRCONIUM ALLOYS

Value of 1/n at Indicated Temp

1030 F 1105 F 1175 F
Zirconium 0,45 0. 45 0, 46
1. 5Al 0.41 0.46 0. 52
1. 5Al1-1,58n 0.50 Q.50 0. 50
}.5A1~35n 0.42 0.45 0. 50
1. 5Al1-1.5Mo 0.41 0. 45 0. 49
1. 5A1-1. 0Sn~ 0. 45 0. 45 0. 48
1. 0Mo
3, 0A]1 0. 41 0.48 0. 46
3. 0Al-1,.58n 0.40 0. 45 0. 50
Zircaloy-2 0.41 0,46 0. 50

The rate constants for the above materials
are presented in Figure 2,18 and are based on
n=2.

Temperature, F
7% 00 1000 900 800

09 E ¥ F .
- \.
!E X
. — I3 Al-10Sn~(Mo
& T
] ] 1
5 0-2 | IEAI-3Srland "g“l;"g""
o e :
E =341, ond I3 Al- 180 —
.l
- A\ Y AN O
:5 \\ IE Al
*g 02 \)\ \ | \
3 3Al-I%SH
Q S\ \ W ¥
© S\ \ WAV
g L\W—J ¥
o o4 \ §/ereonlum |
3 (E=529+05 =
g keal/mole) ]
<] \
o N\ \
109 = \
— A N
X
" ercoloyr2(5= 45,3415 kecol/mole)
o-el | | | \

i3 L2 L3 1.4 (R 16

T(K)
FIGURE 2. 18. OXIDATION-RE/CTION RATE
CONSTANTS FOR ZIRCCNIUM
AND ZIRCONIUM ALLOYS IN
SODIUM AS A FUNCTION OF
TEMPERATURE{60)
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S50DIUM AND NaK BERYLLIUM

2 S RERYLLIUM

2,5.1 Compatibility - General

Beryllium like zirconium, forms a much
more stable oxide than sodium* and, consequently,
BeO will form at the surface of a beryllium sample
exposed to sodium containing oxygen. The re-
action occurring is:

Be + Nay0O = BeO + 2Na, (1)

In contrast to ZrQO; films, however, the BeO

films are nonadherent and readily dislodged by
flowing sodium. Thus, they are nonprotective,
Control of the oxidation rate has been realized -
through reductions of the oxygen level in
beryllium-~sodium systems by gettering with

either calcium or thorium, which are stronger
oxide formers cnan beryllium,

Another corrosion characteristic is the
migration of beryllium to other materials in a
composite system, While theve is no evidence
that this occurs to any significant degree at
temperatures of 1000 F or lower, it has been
noted repeatedly at 1200 F and higher,

2,5.2 Beryllium Exposed to 1000 F
Static Sodium{b¢)

No inte ranalar attack or stress corrosion
was obsery * the samples involved in the

S50ODIUM AMND NaK BERY LLIUM
— r T Y T T T 1
Q77 F
]
/X
/ 914 F

x

mils / month
o
NS

/

8% F
e
/H:« F
o’
79

1t
L

757
T

Penetvation,
N

/
S

(o} | 2 3 4 5 6
Flow Rate, fps
FIGURE 2.20. BERYLLIUM CORROSION RATE

VERSUS NaK VELQGCITY AND
TEMPERATURE(63)

F

8

flow rate is apparent; the latter points to in-
nreased spalling of nonadherent oxide with in-

2,5,3,2 Coxrosion in NaK With Calcium or

Calcium. Large quantities of added calcium
decreased the oxidation of the beryllium about
in proportion to the quantity of added calcium,
In fact, the following loop operations produced
beryllium samples exhibiting slight weight gains.

strer~-ru ists summariszed in Figure 2,19,
creased NaK flow velocity,
113 & =Y R ?{ A
- il T - Thorium Additions
] o I A e SR 1
Hot prassed end extruded ot BOO F
é w0 2\ r é 0
g - EL o J‘L T-w prewes T
i o B liamat -
. 7"'“‘1&3‘" grll}n and_extruded of E)OIOj \FL I V‘Lr-!,,,l Tt ot ||
s ” oy o o Procedure A

Time {o Rupturs, haury
FIGURE 2.19. RUPTURE STRENGTH OF
BERYLLIUM IN 1000 F SODIUM
ENVIRONMENT(62)

2.5.3 Beryllium Inserts Exposed to
Flowing NaK-78 or Sodjium(63}

2.5.3.1 Corrosion in NaK (Cold Trapped at 248 F')

Figure 2, 20 presenta values from 259-hour
experiments, A dependency on temperature and

¥ For example, at 1000 K {1338 F), the
‘ree ener gy of formation of BeO by means
of Reaction (1) is calculated to be AF =
-54,150 cal/mole,

(1) Batch cold trap at 212 F', followed
by standard cold trapping at 248 F',

{2) 1solate cold trap and introduce
calcium (2 kilograms),

{3) Maintain calcium at 980 F and
beryllium samples at 928 F'.

Procedure B

Same as above except 4 kilograms of
calcium, maintained at 1022 F, was
utilized to protect the beryllium at
968 F.
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Thorium, Additions of thoriumn were less
elfective in reducing uxidalive cucsusivu ihan
additions of calcium, and the gettering efficiency
of the thorium decreased at an impractical rate.
Some evidence was noted of hot-to-cold-zone
mass transf{er of the thousium.

In these exposures with added calcium and
thorium, there was no evidence of:

{1) Nitriding of the beryllium, although
nitrogen was utilized as a cover gas

(2) Reaction between beryllium and nickel
frcm the stainloss steel,

On the other hand, contrasting results were ob-
tained:

(1) In beryllium-sodium experiments where
nitriding wus observed as outlined
below

(2) In higher temperature dissimilar-metal
systems where nickel-beryllium iater-
actions were observed, as outlined in
the subsequent secticn,

2,5,3,3 Corrosion in Sodium With Calcium
Additions (b4}

Seven types of hot-pressed beryllium sam-
ples, from different sturting powders (virgin,
blend, recycling), were exposed to sodium under
the following conditions:

(1} 47 hours at 900 F, followed by 520
hours at 1000 F

(2) Flow velocity = 20 ips

(3) Low oxygen level maintained by cold
trapping and calcium gettering (1l per~
cent addition).

The specimen weight losses were less than
1 mg/(cm‘)(month), without evidence of erosion
or flaking, Black films, about 50 microns in
thickness, appeared on the sample. The identi-
fication made was Be3N,. The source of nitrogen
was presumed to be an irnpurity in the argon cove
gas or in the calcium,

2.5.4 Beryllium in Multi-metallic Loop
Systems'1V-1&,33)

2.5.4,1 General Corrosion

) Thermal-convection-loop exposures were
conducted with sodium for 1000 and 1500 hours
each with a beryllium insert positioned in the

32

SODIUM AND NaK BERY LLIUM
hot zone so that a few mils separated its surfaces
fivin ihe eustacc of a niclnl baze allzy, Solocted
corrosion results are listed below.
Loop Material Hastellay B Hawstelloy B
Temperature, ¥ 1200 1300
Caorvasion, mils
Loop matarial in hot lag i 1
Beryllium innert 3 3
Loop Maturial Inconel Inconel!®) ynconel
Temparature, F 1200 1300 1500
Corroslon, mils
Loop material tn hot lag 1 1 1
Beryllium inaert - 3 6 ¥

{a} ‘Thewe conditions reasulted in very low concentrations
af beryilinm on the incone) wallu; specifically about
6x 107} mnlcm‘ in the hot 7onew and aboat 1 x 10-3
mg/em? in the cold zonen,

Distance Betwean Scdium=Immursed Equivalent Conceatration of

Conditions Hastelloy B and Baryllium, mils

2.5,4,2 Intermetallic Compound Formation

Compounds, identified as BeNi or Be2]Nis,
were observed:

{1} At berylliam-nickel base alloy suriaces

in contact in the 1300 F range; a reaction

zone nearly 20 mils thick occurred

during a 1000-hour exposure. Chromium

plate was evaluated as a barrier,
but Be2Cr formation rendered it im-
practical.

(2) As a layer to about 3 mils thick on the
surface of the inserts in the loops
described above,

2.5.4,3 Effect.of Spacing

The distance between tlie beryllium and tho
third material wae found to control the transter
of beryllium strongly. Relevant data from static
experiments are as follows:

Distanco Detween Sodium-
Immersed Hantelloy B

Eruivalent Cancontration of
Beryllium in Hautelloy B

Conditions and Beryllium, mils Surface, 10°3 mgfemé
1200 F, 0 8800
1000 5 6.3
hours 20 1.06
50 0.63
100 0.74
Distance Between NaK-44 Equlvalent Concentration of
Immerued Type 304 Stain- Baryllium in Type 304
less Steel and Beryilium, Stainless Steel Surface
Conditions milw 10°3 nig/emé
1470 F, 2 4950
500 5 4100
hours 10 809
15 1o
25 170
50 140

DT
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2,6 COLUMEIUM AND COLUMBIUM-BASE 2,6.2 Static Exposures of Columbium at 1¢00 . ’ 'i
AL).OYS and 1800 F(47) . i
2, 0.1 Compatibility - General Static experiments involving columbium ‘
inserts in Type 316 stainless steel containers are
The behavior of sodium-exposed columbium- discussed under "Nitrogen Migration Via Dis- g
and columbium-base alloys has been found to be similar Metal Mass Transfer'. Briefly, the i
sensitive to varirstions in oxygen level in the range principal finding was the transfer of carbon and 3
that would ordinarily be considered as very low, and nitrogen from the steel to the refractory metal é
i.e., frcm nominally zero to as high as perhaps in sufficient quantity to alter the mechanical v
30 ppm. Both dissolution and chemical reactions properties of the latter. Pertinent information is 5
involving impurities inust enter into columbium- presented in Table 2. 14, The carbon was confiued :
sodiem compatibility,’ According to free~-energy to the surface, but the nitrogen penetrated the .
data, columbium formas a more stable oxide than entire distance across the 40-mil-thick inserts. i
sodium, For example, at 1000 K (1340 IF), the Surface layers were identified by X-ray analysis %}l
following reactions favor the reduction of NayO as CbC and CbhN, ]
by columbium; b
Transfer of columbium to the stainless steel §
2Ch + 4Nay0O ~* Ch 04 + 8Na; also occurred. At 1700 F, 40-mil-thick stainless
AF = -32,800 cal/mole (m steel ingerts picked up about 0, 5 percent columbium
as a CbC surface layer. I
AF = ~22,100 cal/mole 2,6, 3 Exposutes of Columbiura and Cb-1Zr in
Sodium and NaK Loops Fabricated of Ancther
Solubility data for colurabium in sodium over tha Material(4,37,55-68]
temperature range 1846 to 2518 F are given on
page Pertinent data are listed in Tables 2, 18,
2,19, and 2.20, Note that the first four listings in
Columbium~ and columhium~alloy inserts Table 2. 18 refer to experiments where the cor~
have been exposed to sodium and NaK contuined rosion findings are reported mostly in terms of
in third-material (usually an austenitic stainless specimen weight losses, and that these weight
gteel) systems at temperatures up tv 1800 F. losHes are related directly to the oxygen level in
Both static and loop exposures have been involved. tha liquid metal, Perhaps the most surprising
Some of the results clearly indicate high corrosion eviden¢e from this group is the extensive cor~
rates, appearing as specimen weight losses, and rosion attack of both columbium and columbium |
a sensitivity of these rates to the oxygen content alloys observed, even though the oxygen level in
of the liquid metal, However, others obtaincd the sodium was maintained at approximately 15
under seerningly similar conditions indicate that ppm by zirconium gettering.
the principal corrosion effect is one involving the
migration of interstitials {rom the containment to This latter result is in some contrast to
the uxposed refractory metal. Specimen weight those obtained from the experimenta referred to b
loss i» not an identified problem. There is no in the final three listings of Table 2. 18, These ,-‘f
apparsnt explanation for this divergent pattern experiments appear to have been conducted with an W
of behavior. oxygen level possibly slightly higher than 15 ppm. 4
Weight losses are not reported, Rather, the i
In another type of experiment, selected findings emphasgize interstitial migration and indi- i
columbium-base materials have been exposed cate that corrosion, per se, was not especially f
to boiling sodium at temperatures above 2000 F, severe, No apparent explanation exists for this &
These experiments have featured single-metal considerable divargence in degree of corrosion ob- “
systems totally encloged in high-vacuum en- tained from experimental conditions which seem to q'
closures, In such cases, fairly good corrosion be comparable, at least as far as the variable of 'i\
performance has baen consistently demonstrated. oxygen in low concentration is concerned, ;,(‘
1
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SONIUM AND NaK COLUMBIUM AND

COLUMBIUM-BASE
ALLOYSE

TABLE 2,19, BEHAVIOR OF COLUMBIUM IN SODIUM OR NaK CIRCULATING IN AUSTENITIC !
: STAINLESS STEEL PUMPING LOOPS(4)

Temperature, Flow Weight C_hange(a’
F Velocity, fps g [ (cmé){month)

Cold Trap at 284 F; NaK-78; 500=-Hour Duration

698 1,3 - 0.9 i
11,3 -~ 0.9
761 1.3 . 15,7 §
11.4 52,1 i
|
852 11,3 -~ 77,7
1.4 - 52,1
932 11,3 =175
11,8 completely corroded

1112 16, 2 ~333
29.5 =716

Pretest Cold Trapping; 10 Percent of Flow
Through Magnesium Dispenser at
752 ¥; NaK=78; 250=Hour Duration

932 1.3 - 0.3
1.5 - 1.4 |
{
Pretest Cold Trapping; Hot Trap With Titanium \‘
at 1202 F; Sodium; Approximately 300-Hour :
Duration i
1022 30 - 1.1
1112 5.5 we - 7.0
Pretest Cold Trapping; Hot Trap With Zirconium
at 1112 F'; Sodium; Approximately 200=Hour
Duration
1112 30 - 0,6to 63,4

(a) The uniform removal of 1 mil/yr from the exposed surface is approximately equivalent to a
weight loss of 2 mg/(cm2)({month),

kel N . - L e e b N - “ B “
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TABLE 2, 20.

SODIUM AND Nak

COLUMBIUM AND
COLUMBIUM-BASE
ALLOYS

BEHAVIOR CF COLUMBIUM=-BASE MATERIALS IN 1202 F SODIUM

CIRCULATING IN STAINLESS STEEL PUMPING LooOPs{60,67)

Alloy Composition, weight percent

Weight Change,{3) mg/(cm2)(month)

21-~Day Exposures; 1 to 5 PPM of Na0 in Sodiumi,

Regulated bv Uranium Geitering

Unalloyed Cb - 0,33
Cb-1,84Cr £ 0,00
Cb-3,21Cr & 0,00
Cbe4, 332r + 0,01
Cb=20Ti-4. 28Cr + 0,33
Cb=5Mo - 0,04
Ch-1V + 0,30
Ch=3V - 0,09
Ch-5V - 0,10

7- or Approximately 13-Day Exposures; Approximately

15 PPM of Oxygen in Sodium, Regulated by

Zirconium Gettering

1
»

Unalloyed Cb
Cb=1Zr
Ch=52r
Cb=5Me
Cb=39V-1Ti g
Cb=2, 37Cr

Cb=-10Ti-52r

Cb=18Ti=4V

Ch=10W~2, 5Z2
Cb=9Mo-9'Ti

- 41, - 82
-136, =364
- 31, =220
- 26, = b2
- 41, =93
=128

- 17, - 80
- 50, - 66
- 13, w38
- 67, =13

(a) Double listings indicate two exposures:
of recryst.illized material,

2.6.4 Exposures of Cb-=1Zr (and three other
Ch-bace alloys) In Monometallic Systems
With Boiling (2000 to 2380 F) Sodium;
Exposures Conducted in Chambers
With Vacuum Levels From 10=0
to 10-9 torr

2.6.4.1 Loop Experiments (Cb-1Zr)(69,70)

Table 2, 21 summarizes results from loop
systems operated as indicated above. All experi~
ments indicated a very high degree of compatibi-
lity of Cb-1Zr with sodium under the operating
conditions,

2.6.4,2 Refluxing Capsule Experiments
{Cb- 12 ){70-72)

Table 2,22 summarizes data from various
refluxing capsule exposures of Cb~1Zr with
sodium carried out in the 22400 to 2300 F range

one of stress=relieved and the other

for periods up to BOOO hours. On the basis of
findings such as these, the following conclusion
has becen drawn:

"In tests where less than 3000 ppm O was
found in the Cb-1Zr capsules, little or no
corrosion wae detected, This attack was
limited to a slight roughening at the liquid-
vapor interface (~0.001 inch maximum).
When more than 3000 ppm O was found
in Cb-1Zr capsules, intergranular cor-
rosion to a depth of 4 mils was observed.
Poatweld heat treatment of 2210 F for 1
hour had no effect on the corrosion of
Cb-12Zr containing >2000 ppm O2. n(71)

PUPRIFS SN S
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TABLE 2,21, MONOMETALLIC LOOP EXPOSURES OF Cb-1Zr WITH BOILING SODIUM; HIGH VACUUM
(107% to 109 TORR) IN ENC LOSURES

Maximum Cold Leg
Temperature, Temperature, Duration, Reference
Type of Loop F F hours Corrosion Findings No,
Thermal 2100 1200 1330 No corrosion or deposition was ap~ 70
parent
Thermal 2000 1780 5003 No corrosion after routine shutdown 70
Thermal 2380 1350 1000 The maximum corrosion was less than 69
1 mil, Almost no migration of
interstitial elements occurred,
Pumpling (7=1/2= 2065 650 2650 Metallographic examination and bend 69
fpu flow velo= tests indicated no corrosion or loss
clty) of ductility of the Cb=12Zr, The

principal corrosion effect appeured
to be some minor transfer of oxygen
from peak~temperature to low=
temperature material,

e e—
=t e a——

TABLE 2. 22, REFLUXING CAPSULE EXPOSURES (UP TQ 5000 HOURS) OF Cb-1Zr WITH SODIUM;
HIGH VACUUM (106 to 10=? TORR) IN ENCLOSURES

Reference Temporature,
No, F Additive Corrosion Findings
72 2282 None Specimen weight changes ranging from +0,7 to
-0, 1 mg/cmz (500U=hour exposure)
70 2200 None, 75 ppm 0, {8} 300 ppm  No corrosion
0, Ta insert or Mo insert
70 2200 . 150 ppm 0 ~2-mil transgranular and intergranular attack in
~ liquid region .
10 2200 500 ppm Ba ~3-mil intergranular attack in vapor region
70 2200 Cb insert ~5-mil intergranular attack in vapor region of
ingert
70 2310 Nona, 500 ppm Ca, 500 ppm No corrosion
Mg, 500 ppm Ba, Y, 150
ppm 0, 600 ppm 0, 160
ppm C, 600 ppm C
70 2310 600 ppm 0 ~l~mil transgranular and intergranular attack

at liquid interface

{a) Oxygen added as Na20; in all cases,




SODIUM AND NaK COLUMBIUM AND
COLUMBIUM~-BASE

ALLOYS

2.6.4.3 Refluxing Capsule Experimemu”o'
(CL-10W-10Ta, Ch 10W-12r-0,1C, Ch-5W-37r-
0.1¢)

Exposures at 2310 F produced:

{1) No corrosion of Cb-10W-1Zr-0.1C
or of Cb-5W-3Zr-0, 1C after 8000
hours

(2) Severe attack (to as much as about
30 mils) of Cb-10W~-10Ta after
5000 hours,

SODIUM AND NaK VANADIUM- AND
VANADIUM-BASE

ALLQOYS

2.7 VANADIUM AND VANADRIUM-~BASE
ALLOYS

Evaluation of the corrosion behavior of
godium-exposed vanadium and vanadium alloys
has been in close alliance with the corresponding
evaluation of columbium and columbium alloys,
As a result, it has been common to draw com-
parisons between the performances of the two
types of materials, As might be expected from
thermodynamiu considerations,™ it has been found
that the corrosion behavior of unalloyed vanadium
ig slmilar to that of unalloyed columbium, How-
ever, vanadium alloys have demonstrated corro-
sion resistance superior to that of columbium
alloys.

Table 2.23 presents pumping-loop corrosion
data for vanadium; the corresponding data for
columbium appear in Table 2, 19, Each presents
evidence of high corrosion rates in cold-trapped
circuits and reduced corrosion rates through the
use of strong oxygen getiers,

* For example, at 1000 KX (1340 F), the thermo-
dynamics of the following reactions indicate that
vanadium is capable of reducing sodium oxide
(NaZO):

V + NaO+=VOQ + 2Na; A F =-13,500 cal/mole (1)

2V + +Na0+V ;05 + 6Na;AF= -38,000 cal/mole (2)

s

SODIUM AND NaK VANADIUM AND
VANADIUM-BASE

ALLOYS

TABLE 2.23 BEHAVIOR OF VANADIUM IN
SODIUM CR NAK-78 CIRCULATING
IN AUSTENITIC STAINLESS STkEL
PUMPING LOOPs(4)

Temperature, Flow Velocity, Weight Change,(a)

P fps mg dcm9 (month)
Cold Trap at 284 F; 500-Hour Duration;
NaK-78
632 1.8 - 8.3
15.9 - 5.2
142 0.8 - 2.8
7.8 - 94,2
762 1.88 - 54,6
16. 8 -219
860 0.9 -1
7.5 =231

Cold Trap at 248 F*; 350-Hour Duration; NaK-30

1112 5.5 o

d‘/'

- 91,2

Pretest Cold Tf-a“‘p;hm 0,0) Percent

Magnesium Added; 350-Hour
Duration; NaK-78

1112 5.8 - 0.72
Pretest Cold Trapping; Hot Trap With Ti-
tanium at 1292 I*; Sodium; 136-Hour

Duration

1112 25 - 0.19
Pretest Cold Trapping: Hot Trap With
Zirconium at 1112 F; Sodium; 127~

Hour Duration

1112 25 ' - 30

{a) The uniform removal of 1 mil/yr from the ex-
posed surface is approximately equivalent to a
loss of 2 mg/{cmé){month).

Table 2.24 presents pumping loop data for
vanadium alloys; Table 2. 20 is the columbium-
alloy counterpart. A comparison of results from
the experiments with approximately 15 ppm of
oxygen in the sodium shows a substantially better
performance {or the vanadium-base materials,
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TABLE 2.24 BEHAVIOR OF VANADIUM-BASE
MATERIALS IN 1202 F SODIUM
CIRCULATING IN STAINLESS STEEL
PUMPING LOOPs(66,67)

Weight Change,

Alloy Composition mg / (cm?){month)

21-Day Exposures; 1-5 PPM of Na,0 in
Sodium, Regulated by Uranium

Gettering
Unalloyed V -0.23
V-10Ti-1Cb +0. 16
V-10Ti-3Cb +0. 26, +0,30(3)
V-10Ti-3Ta +0. 20, +0,37
V-5Ti-20Cb +0. 07, +0,27

9-Day Exposures; Approximately 15 PPM
of Oxygen in Sodium, Regulated
by Zirconium Gettering

V-10Ti
V-20Ti

-2.17, -3, 2
<33, -3, 7

{a) Double listings indicate two exposures, each
specimen in a different metallurgical condition
(cold rolled, stress relieved, recrystallized,
ete),

However, as is the case for the columbium-base
materials, there is distinctly less corrosion of
vanadium-base materials when the oxygen level of
the sodium is reduced to near zero.

TANTALUM- AND
TANTALUM-BASE ALLOYS

SODIUM AND NaK

.8 TANTALUM AND TANTALUM-BASE
ALLOYS

Ay might be expected from consideration of
thermodynamic constants and solubility information,*
the corrosion behavior of tantalum in contact with

* Solubility data for tantalum in sodium are pre-
sented in Table 2,5, Tantalum forms a more
stable oxide than sodium according to free-energy
data; for example, at 1000 K (1328 F) for the re-
action 2Ta +5 NupO-*=Ta205 + 10Na, the free-
encrgy change is AF9 - -56,050 cal/mole, which
suggests that tantalum will readily reduce NapO,

SODIUM AND Nak TANTALUM AND
TANTALUM-BASE
ALLOYS
v _cho;'d ! I
Oxygen in Duration of
Sodium, ppm Symbui Tesi Exposure, duys
3 <10 A "3 T8 _
¥ A ¢ 33 X
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FIGURE 2.21. EFFECTS OF TEMPERATURE
AND OXYGEN CONTENT OF THE
SODIUMON ITS ATTACK ON

TANTALUM(73)

sodium is sensitive to the temperature level and the
oxygen content of the sodium, lllustrative data are
presented in Figure 2,21, These data were obtained
by exposing tantalum (containing about 200 ppm of
oxygen) inserts to sodium circulating in a poly-
thermal pumping loop constructed of Type 316
stainless steel. ?73) Cold trapping and gettering by
zirconium foil were utilized to maintain the oxygen
levels indicated, Other observed compatibility
characteristics included the following:

(1) There was no evidence of cold-zone
mass~transfer deposits of significant
magnitude.

(2} Intergranular penetration was not a
significant mode of attack, although it
occurred in specimens fabricated of arc-
cast tubing exposed to sodium containing
80 ppm of oxygen,

T
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(3) Oxygen migrated from tantalum containing
approximately 200 ppm oxygen to high-
purity sodium. Final oxygen levels in the
tantalum were usually iess than 50 ppm,
This behavior could not have been pre-
dicted from available ther modynammic
information¥* except for the case of very
pure sodium, containing oxygen in the 1
ppm range, for example,

(4) Exposure to low-oxygeun sodium did not
have a deleterious effect on the creep
characteristics of tantalum at 1200 F.

The results shown in Figure 2,21 are simi-
lar to those obtained in another tantalum-sodium
investigation\®! where weight losses for tantalum

(1) Began at about 1075 F and increased
to an equivalent of about 8 mils/year
at 1220 F when the tantalum was ex-
posed to cold-trapped sodium

(2) Began at about 970 F and increased
o an equivalent of about 0. 5 mil/year
at 1220 F,

There is a general dearth of information
relative to the performance of tantalum and
tantalum alloys in sodium at temperatures above
1200 F. One exception iy the indication of good
corrosion resistance exhibited by a tantalum in-
sert exposed to 2200 F sodium in a Cb-12r re-
fluxing capsule experiment operated for 5000
hours. Another involves a series of Ta~10W re-
fluxing capsules exposed with sodium boiling at
2310 F for 160 hours, Insert specimens with
longitudal test welds were utilized, The material
exhibited generally poor corrosion behavior,
characterized by severe intergranular penetration,
particularly in weld zones. (70%

¥ Solubility data for tantalum in sodium are pre-
sented in Table 2.5. Tantalum forms a more
stable oxide than sodium accerding to free-
energy data; for example, at 1000 K (1338 F)
for the reaction 2Ta + 5Na 0 —»=Ta;05 + 10Na,
the {ree-energy change is AF®= -56, 050 cal/
mole, which suggeats that tantalum will readily
reduce NazO,

41

SODIUM AND NaK

MOLYBDENUM

4,.9. MOLYBDENUM

) Information relative to the corrosicn be-
havior of molybdenum in sodium or NaK is quite
limited and virtually no parametric data are
available. Good corrosion resistance is indicated
by the fact that inserts of molybdenum in a thermal-
convection loop exhibited no attack, pitting, or
intergranular corrosion after exposure to 1400 ¥
NaK-78 for periods up to 3000 hours. Also,
there was no evidence of corrosion of a molybde-
num insert exposed to 2200 F sodium in a Cb-1Zr
refluxing capsule experiment operated for 5000
hours (see Table 2, 22){70)

An analysis of the possible reaction products
between molybdenum and sodium oxide has led to
the conclusion that sodium molybdate is the
probable reaction product.* At 1340 F, calculated
free energies of formation { AF) are as fullows i¥*

4Na, O + Mo~ Na;MoQ4 + 6Na;
4 Fo= -2 keal/g (mole) (1)

2Na;0 + MoO%==NayMoOy4 + 2Na;
b FO= =36 keal/g (mole) (2)

2Na + 2MoOz ~*NaMoQ4 + Mo;
4 Fos =69 kcal/g (mole) (3)

Na;0 + MoQjy=+ Na;MoO4;
AF % -80 kcal/g (mole) {(4)

2Na + 4/3Mo0O3 ~* NazMoOy + 1/3Mo;
LF®= -106 kcal/g (mole). {5)

These findings were developed in conjunction with

a study investigating characteristics of molybdenum
rubbing surfaces, both dvy and in contact with
liquid sedinm, The data obtained indicated that the
liquid-sodium gaie was characterized by the
presence of a Na;MoO4 film, which reduced
friction, and that the film was continucusly re-
plenished by reaction with oxygen in the sodium,

*  From thermodynamic considerations (free-
energy data), metallic molybdenum does not
appear to be oxidized by NaO to the simple
oxides (MoO,, MoO;, etc.).

%% The free-energy data presented in Reference
No, 74 have been revised, and the values
shown are the new values.
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2.10, TUNGSTEN

Tungsten, like molybdenum, is generally
regarded to be resistant to attack hy sodinm,
altaoagh there is even less evidence on which to
predicate a judgment, Chemically, tungsten is
similar to malybdenum, and the thermodynamics
are favorable for the formation of NagWO4 as the
product of the reaction between tungsten and sodium
cxide,* For example, at 1340 F, the free-energy
values®* are:(74

4N'3.io + W= Na,WQy4 + &Na;
aFi= -31 keal/g (mole) (1)

NazO + WO3 = NaWOy;
AF° = <87 kcal/g (mole) (2)

2Na + 4/3WO3 = Na,WO4 + 1/3W;
AFO= -106 kcal/g (mole). (3)

The sodium tungstate film (NapWO4) was
found{™¥) to have frictional characteristics com-
parable to those of the corresponding molybdate
film (Na,MoOy), previously mentioned.

SODIUM AND NaK URANIUM , THORIUM, AND

THEIR ALLQYS

2.11 URANIUM, THORIUM, AND THEIR
ALLQYS

When exposed to sodium containing oxygen,
both uranium and thorium will react with the Na,0 .
impurity to form stable oxides at exposed sur-
faces.¥%% The uranium oxide is nat adherent, and
consequently not protective, However, thethorium
oxide would appear to be fairly adherent.

» Tungsten does not appear to be oxidized by
Ma, 0 to the simple oxides (WO,, W03, etc).

w%  The free-energy data presented in Reference
No. 74 have been revised, and the values
given are the new values,

w¥%  For example, at 1000 K (1340 F), from the
thermodynamics of the following reactions,

U+ 2NayC = UD; + 4Na;
3 Fo= -87,100 cal/mole )

3U + 8Nay0 = U;30g + 16Na;
L FY= -167,500 cal/mole {2)

Th+ iNa;O = ThO, + 4Na;
AF= - 115,650 cal/mole, (3)

both uranium and thorium would be expected
to reduce Na,O.
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The available exposure datal?75) for uranium
show somewhat erratic values, but high specimen
weight losses, indicating that sloughing off of the
oxide layersy i¢ the rule rather than the exception,
Illustrative data for dynamic-corrosion situations
are presented in Table 2.25. In the case of the
samples from the tilting-furnace experiments, there
was evidence of deposition of constituent, of the
Type 347 stainless steel containers on the uranium
samples, It is not clear whether this accounted in
part for the weight gains recorded for_the 1200 and
1250 F peak-temperature exposures,

A few experiments analogo . to those referred
to in Table 2. 25 have been conducted with preirradi-
ated uranium samples, Inthese cases, the progress
of corrosion was tracked by monitoring the buildup
of radioactivity throughout the containment system,
Cienerally, no differences were abserved between
the corrosion behavior of irradiated and unirradiated
samples,

Static exposure data for thorium and uranium
samples are given in Table 2,26, There is some
indication that thorium is more resistant than
uranium to the oxygen impurity in sodium. The
likelihood of a difference in protectiveness of the
oxide films is brought out in the following dis-
cussion relating to the adherence of oxide films
to base metals:

"The adherence . . . . is governed by, among
other factors, the ratio Vgoy/Vm!

E= Vox - volume per metal atom in oxide
V,, volume per atom in metal

Maximum adherence would be expected in
gystemns where E = 1, For both UO, and
ThQ;, the ratio is given by

E = molecular weight oxide
atomic weight metal

density metal
density oxide

For ThO,, E is about ], 3; for UO,, about 2.
On :his criterion, the oxide of thoriurm should
be more adherent than that of uranium and
should, in fact, compare favorably with such
well-known protective oxides as Al,0;3
(E=1.3t0 1.5)."
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THEIR ALLOYS

TABLE 2, 2%, SELECTED CORROSION DATA FOR URANIUM EXPOSED TO S50DIUM OR NaK IN
DYNAMIC SYSTEMs(4,76)

Temperature, Flow Velocity, Weing: Ch;mge,(ﬂ
F_ {ps i o mg/(cm?2){month)

Corrosion in Pumping Loops Cold
Trapped at 356 F; NaK~78; 500

Hours\?)
940 1, 02 - 65
940 i L. 67 - 90
1075 1, 67 =139
1075 3,21 =222

Corrosion in Pumping Loop With An
Oxygen Level {(in Sodium) Mostly
Detween 10 and 80 PPM but as High as
610 PPM; Sodium: 781 Hours, Ac-
cumulated by B~Hour=Working=Day Increments

752 to 932 8 =616

Corrocion in Tilting=Furnace
Capsules With an Oxygen Level (in

Sodium) Between 200 and 250
PPM; Sodium; 100 Hoursl/®)

1250 (High) - + 34
1050 {Low)

1200 (High) - + 47
980 {Low)

1000 (High) - - 21
752 (Low)

1000 (High) - - 9
752 (Low)

URANIUM, THORIUM, AND

gt T T e o

(a) A weight loss of 47 mg/(cmz)(month) is approximately equivalent to uniform dissolution of 1 mil/
month,

TABLE 2,26, SELECTED CORROSION DATA FOR THORIUM, URANIUM, AND THEIR ALLOYS IN
: SODIUM AND NaK IN STATIC §YSTEMS(75) ,

- Welght Change,
Temperature, Time, mg/{cm2)(month)
Materijal F hours Oxygen Level in Liquid Metal In Sodium In NaK
Thorium 1382 720 200 to 250 ppm + 2 2
The3 wt % U 1382 720 Ditto + 1 2
Th=4 wt % U 1382 720 " =40, +3 -12
Thorium 1132 144 + 4,5
Uranium 392 144 Reduced by gettering with -« 0,08
uranium
Uranium 1132 144 Ditto + 3,1
Uranium 761 T 160 " + 7
Uranium 745 160 " + 1,4
Uranium 932 166 Reduced by gettering with -0.1
beryllium or calcium
U-10wt% Pu 662 160 Reduced by double filtering =216
U-10 wt% Pu 761 160 Ditto -288
U-60 wt % Al 844 124 Reduced by gettering with =30
beryllium or calcium
U=60 wt % Al 934 170 Ditto +8
U=60 wt % Al 1220 164 " ~720
U=69 wt % Al 932 167 " ~220

sZRie EREEAIR,
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2,14 BRAZE ALLOYS

Braze alloys containing copper, silver, and
precious metals are generally not useful for
sodium-environment service since the individual
metals are readily attacked. It has been found
that the most useful brazes are nickel with alloying
ingredients such as silicon and boron, Table 2,27
summarizes the results of static corrosion tests
performed at Oak Ridge(77) for several nickel-
base alloys in sodium. These static tests were

44

conducted at a temperature of 1500 F for 100 hours.

Several materials which appeared promising on
the bauis of these static tests (together with others
thought to hold promise) were investigated more
extensively in seesaw furnace experiments, in
which sodium was circulated for 100 hours at a
hot-zone temperature of 1500 F and a cold-zone
temperature of 1100 F. Since the seesaw tests
provided a more rigorous means of evaluating
corrosion data, no brazing alloy which had poor
corrosion resistance to sodium in the static test
wag seesaw tested, The results of these seesaw
furnace experiments are shown in Table 2. 28 and
indicate several promising brazing alloys for
short-time sodium service,

In recent experiments at Atomics Interna-
tional,”8 several nickel-base brazing alloys were

_tested in a liquid- sodium thermal-convection, loop

for periods up to 10,000 hours at temperatures

of 1200 and 700 F. Table 2. 29 indicates the alloys
tested and pertinent test conditions, On the basis
of gross weight changes and photomicrographic
examinations of the exposed brazing-alloy speci-
mens, the authors concluded that Ni-Cr-8i-B
({CM53) and Ni-Si- B(CM52) were the most re-
sistant to sodium attack., Ni-Cr-S5i(CM60) was
judged to be suitable for only short-term use

{less than 1500 hours) or lower temperature
(below 700 F') applications. Alaso CM59 and Nico-
braz 135 were shown to have good resistance to
sodium attack up to a 5000-hour exposure at

1200 F. However, CM1700N and CM1700CN did
undergo deleterious attack at 700 F after the 5000~
hour exposure. Between the latter two, CMI700N
appeared to be superior.

SODIUM AND Nak GRAPHITE

2. 13 GRAPHITE

Graphite has been employed as the moderat-
ing medium in liquid-metal-cooled thermal re-
actors such as the sodium reactor experiment
and the Hallam Nuclear Power Facility. Un-
fortunately its corrosion resistance to sodium
can hardly be considered as anything but poor.
Thus, any graphite used in a sodium system, must
be kept from direct contact with the sodium, (79,80)

SODIUM AND NaK GRAPHITE

Numerous investigations have been conducted
in an attempt to explain the action of liquid sodium
on graphite at elevated temperatures, Many of tge
earlier works have been reviewed by Carniglia, (61)
The effects observed have included swelling or
dilation, cracking or spilling, and corrosion and
mass transfer at temperatures above 1200 F,
High-~density carbon-impregnated graphites, as
well as the normal commercial grades, have not
been immune to these deleterious effects, and
exhibit the same poor corrosion resistance,
Liquid sodium readily wets graphite, ultimately
soaking into the pores and being rather uniformly
distributed throughout the capillary space available.
Coultas and Cygan(sl) studied this capillarity or
“sponge' effect, by immersing a graphite rod in a
reservoir of sodium within an evacuated chamber.
The results of this study, Figure 2, 22, indicated
that roughly 60 percent of the connected voids were
filled by liquid at 842 F, and 100 percent at 1022 F,
Carbon impregnation of the graphite did little to
alleviate the situation, In similar experiments,
Greening and Davis(82) observed that 68 percent
of the connected voide were filled at 1202 F, and
Collins(83) found 90 percent impregnation at
1355 F.

This uptake of sodium is accompanied by an
anisotropic dilation or swelling of the graphite,
Greening and Davis measured this dilation as
a function of temperature from 302 to 1202 F.
Figure 2,23 shows their curves, which were cor-
rected for normal thermal expansion, It is
interesting to note that the addition of 1 percent
potassjum greatly aggravates the situation. Gi1(84)
conducted a series of static capsule experiments on
the dilating effect of graphite by employing graphite
samples ranging in density from 1, 6 to 1. 89, His
results, Table 2, 30 indicate linear dilations of the
order of 1 percent, decreasing somewhat with in-
creasing density in timee up to 100 hours at 950 F.
The greater degree of expansion perpendicular to
the axis of extrusion stems from the anisotropy of
the graphite, Table 2.31 shows the dilation of TSP
graphite parallel to the extrusion axis as a function
of exposure time and temperature. It iz seen that
the dilation does not vary markedly with exposure
time (500 to 2000 hours) or temperature (950 to
1200 F), Gill further observed that in some cases,
decrepitation and disintegration (loss of strength)
occurred in the graphite owing to the dilation.

Some investigators attribute the dilation and
disintegration of graphite to the formation of inter-
lamellar compounds between the graphite and
sodium. (79,84) 1t is well known that potassium,
rubidium, and cesium form interlamellar com-
pounds with graphite, although early experimental
and theoretical work indicated that sodium could
not participate in reactions of this type.( 5
However, later work at Harwell 86) provided
evidence for the existence of at leaat one inter-
lamellar compound of sodium, namely, Cg4Na,
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TABLE 2.27. SUMMARY OF RESULTS OF 100-HOUR STATIC CORROSION TESTS AT 1500 F FOR
NIGKEL BASE BRAZING ALLOYS!(??

Good Corrosion Resistance

General Electric No, 81 Ni=]16Si=-6Mn

Coast Metals No, 52 Ni=13Si

Wi -10P-10Cr Ni-10P~13Cr

Nicrobraz Ni-6Si~30Mn

Ni=25Ge Ni-9P-11W
Niw25Mo=25Ge Ni=108i-13Cr-19Fe=3Mo
Ni=25Ge~10Cr Ni«5P=6Si

Ni-9S5i-18Cr Ni-8P-3si

Ni-3iP=-98i

Ni=-10Si-8Mn

Poor Corrosion Resistance (> 5 Mils Attack or Other Deterigration)

Ni-60Mn Ni-9P-15Fe=5Cr
Ni~55Mn~10Cr Ni-11P-98i
Ni-328n Ni«10P=4Ma
Ni=57Mn=3Cr Ni=12pP

Ni=23P Ni=11P=8Mn
Mn~10P=2Cr Ni-10P=4Mo
Ni-12P Ni~l0P=11Fe
Ni-11P-8Mn

'1

TABLE 2,28, BRAZING ALLOYS ON INCONEL T-JOINTS SEESAW TESTED IN SODIUM FOR 100 HOURS
AT A }f;J,;I‘-ZONE TEMPERATURE OF 1500 F AND A COLD-ZONE TEMPERATURE OF
1000 F

I

Brazing Alloy Composition Weight Change (for Braze

(In Order of Decreasing and Base Material),

Corrosion Resistance) Ciram Percent Metallographic Notes

Coast Metals No, 52 =0, 0011 ~0.073 No attack along surface of braze fillet

Coast Metals No, 53 -0, 0009 -0, 071 lumil erratic attack along surface of
braze fillet

Low=-melting Nicrobraz =0, 0007 -0, 051 Subsurface voids to a maximum depth
of 1,5 mils along surface of braze
fillet

Const Metals No. 50 -0, 0012 =0, 077 1l to 5=-mil very erratic attack along
fillet

Ni=13Ge-11Cr=6Li ~0, 0023 =0.11%9 Nonuniform attack along surface of
brazefillet to a depth of 2,5 mils

Coast Metals Np . =0.0069 =0, 622 2, 5~mil uniform attack along surface
of braze fillet

Nicrobraz 0.0 0,0 Very erratic stringer attack to a max=
imum depth of 4 mils along surface
of braze fillet

Ni=25Ge=10Cr <0, 0019 ~0.113 Intermittent surface attack to a max~
imum depth of 4 mils along braze
fillet

BRAZE ALLOYS
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TABLE 2,29, EXPERIMENTAL BRAZING ALLOY DATA FOR SODIUM THERMAL LOOP EXPERIMENTS!78)

Drazing Alloy Designation i Exposure Conditions
Trade v Temperature, Temperature, Timbk,
Experiment  Designation Nominal Composition, wt % F F holirs
A CM52 4,508i - 0,06C~ l“\‘ 1900 700 and 1200 10,000
2.90B, Ni bal
B CMS52 Special 4, 508i - 20, 00Co~ ' 1900 1200 5,000
3. 30B, Ni bal \
C CMS53 4,508i - 3,00F¢ - 7, OOC'K- 1909 700 and 1200 10,000
2.,90B, Ni bal \
D CM60 10,0081 - 3, 00Fe- 2150 700 and 1200 10,000
20,00Cr, Ni bal
E CM59 4,3381i - 3. 30B - 0,69Ti~ \ 2000 1200 5,000
1,40Fe « 0, 11C, Ni bal \
F Nicrobraz 135 3,008i = 1, 00B-~ \ 2000 1200 5,000
0,06C, Ni bal \
G CM1700 CN ,63,00Cu « 10,00Co0~ \ 1700 700 5,000
22,00Mn = 5,00Ni \
H CMI1700 N 67,50Cu = 9, 00Ni- \ 1700 700 5,000
23,00Mn '
A\
\
\.
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Dilation Parallel Dilation Perpendicular ‘

to Extrusion Axis, to Extrusion Axis, :

Graphite Type Density, g/cm3 percent percent
SA25 1.60 1.40 1. 46 P
TSP 1,70 0.82 1,00 : ‘:

CCN 1.89 0, 60 0. 84 :

P

TABLE 2,31, DILATION OF TSP GRAPHITE PARALLEL TO EXTRUSION Ax1s(84)

Temperature, bﬁilation, Percent, After Indicated Exposure Time
200 Hours 5000 Hours 1000 Hours 2000 Hours

950 - 0,75 0, 69 0. 65
1000 - {a) 0.70 ¢. 60
1050 - 1,04 0, 82 0. 62
1100 - 0.99 0,70 0.73
1150 . 0,92 1.19 - 0.74
1200 - 0.90 (a) (a)

(a) No measurement made,

The structure of this material was determined by sodium=-metal atoms are located between the plane
means of X-ray diffraction and i shown in sheets of carbon atoms which comprise the graphite
Figure 2,24, In this interesting compound, the structure, The sodium has penetrated into every

Sodlum layer =p======s===meee- - 4.:_&

28k

i

Sodium loyer=lem semecccnnnen-

I

FIGURE 2.24, TOP AND SIDE VIEWS OF THE SODIUM-GRAPHITE COMPOUND Nag4C
AS DEDUCED FROM X-RAY DIFFRACTION MEASUREMENTS BY
R, C. ASHER(86)
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eighth interplanar gap and exists in a ratio of 64
rarhan atoms to | sodium atom. At the sodium-
carbon gap position, the interplanar spacing has
increased from 3,35 A to about 4.6 A in the com-
pound. It iz postulated(79) that the sadium atom

is too large to be comfortably accommodated in the
graphite structure and tends to distort the graphite,
Hence, this distortion and the resulting stresses
are what cause the material to disintegrate.

Radiation may also contribute appreciably
to the dilation and swelling of graphite in liquid
sodium and appears to have contributed to the
severe distortion following moderator sheath
failures in the Hallam reactor, (87) Atomics
International found that graphite absorbed sodium
up to 20 percent in volume upon exposure to re-
actor neutron fluxes.

CERMETS AND
CERAMIC MATERIALS

SODIUM AND NaK

2,14 CERMETS AND CERAMIC MATERIALS

The resistance of cermet and ceramic
materials to sodium and NaK has been investigated
to some extent, inasmuch as these materiale are
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potentially useful for specialty applications such
as bearing surfaces in practical flow systems,

In the case of cermets, emphasis has been placed
on evaluation of the commercially available
cemented carbide materials, and many of these
have been found to be stable in high-temperature
exposures, as demonstrated by the information
in Table &, 32. However, as indicated in Table

2. 33 subtle changes in surface quality can occur
even for materials which resist gross attack very
well. Inapplications where surface integrity is
essential, these microscopic surface changes
may limit reliability and long life.

Ceramics exposed to sodium or NaK resist
attack, usually in accordance with their stability
predicted on the basis of the rmodynamic data,
their purity, and their {reedom from porosity,
For the most part, the exposure data presented
in Table 2, 34 substantiate these generalizations.
Exceptions of some interest include Sm;03 in
particular, and 5i3Ng4 which appeared to possess
resistance to attack although quite porous.

A set of pertinent data for lower-temperature
exposures is presented in Table 2, 35,

TABLE ¢, 32, CORROSION RESISTANCE OF GERMETS TO SODIUM AND Nuk(88,89)

e

e

Exposure to 1500 F Static Sodium or to Sedium in
Tilting~Furnace Equipment Where Tyipy s 1500 F
and Ty ,we 1100 ¥Fi Bach Involves ¢ 100=Hour
Expowure(88)

Exposurce to NaKe=80 for 168 Hours in Tilting
Furnace Equipment Where THigh ® 1600 F and

Trow = 1200 F(89)

Cermets Showing No Observable Attack

wnd Very Slight Weight Losses

WC=6 with Co {Carbolay 44A)(8)

WG9 with Co (Carboloy 779)(8)

WC=13 with Co (Carboloy 55A)(a)

WC =20 wi% TaG=b with Co (Curboloy ‘{37)(“
TIC-10 wi%h ChG=10 with NI (K=150A)

TIC«10 with ChG =20 wi%h Ni (K-1514)(H)

TIC 6 with CbC=30 wi% Ni (Kel52B)(b)

T1C=6 W% CbG=5 wi% Mo=25 with Ni (K=1628)(b)
Cr G y=20 wi%h WC=15 wi% Ni {Carboloy 608)(a)

WC=4 wt%h Co (K=-B)

WC=12 wt% Co {K=94)

WC=12 wi% Ni

TiC=20 wi% Co (K=~138)

TiCe20 wt¥% Ni (K=151)

TiC=20 wt® Fe

TiC=15 wt%s CbC=5 wi%h Co {(K-139A)

TiCul5 wt¥ ChC=20 wit% Co (K~13BA)
TIC=10 wt % CbC=10 wt%h Ni (K=150A)
TIC=10 wi% CbC-20 wit%e Ni (K«151A)

TIC=6 wt%e ChC=30 wi% Ni (K=152B)

TiC=6 wi% ChC-40 wt% Ni (K-153B)

TiCeb wt%h ChC=5 wt% Mo=25 wt¥ Ni (K=162B)
CryCy=20 wi% WG el5 with Ni (Carbaloy 608)
Mu,Ged wih Ni

Coermets Showing Significant

Dugrees of Attack

RITSEr LY Mo,yCel2 with Co
MoSig=14 wi% Co
MoSig=12 wit% NI
() Static test,
) Tuting=turnace test, 1o this test, 4 sample of test materlal 18 confined to one end of a seaivd tube

partinlly luaded with liguid metal,  The tube 1o rocked in such o way that the fluld flows back and
torth over the sample, which e maintained at o temperature higher than that at the opposite end,
Thus, as the thid moves it undergoes o temperature cydle,
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TABILE 2,33, SURFACE-ROUGHNESS DATA FOR SELECTED MATERJALS EXPOSED TO NaK-50 FOR
158 HOURS IN 1600 F PEAK-TEMPERATURE TILTING-FURNACE EXPERIMENTS(89)

Average Surface Roughness (Profilometer),
microinches, rma

Material Before Expeiure After Exposure
wC 1-1/2, 1 2-1/2, 3
TiC 1, 1/2 3-1/2,1
WC=12 wt% Co (K=94) 3, 4 6,6
WC-12 wt?% Ni 5,58 12,12
TiC=15 wtfe CbC~5 wt? Co (K-139A) 5,5 b, 7
TiCw15 wi% CbC=5 wth Co (K-138A) 6,5 7,6
TiC-6 wt% CbC-5 wit% Mo~25 wt% Ni {K~162B) 7,7 6,6
TiC«6 wt% CbC-30 wt% Ni (K-152B) 4 k)
TiCeb6 wit% ChC=-40 wt? Ni (K~153B) 5, 4 20, 10

TABLE 2, 34, CORROSION RESISTANCE OF CERAMICS TO SODIUM AND Nak!{88,89)

Exposure to NaR=50 for 168 Hours in Tilting~
Furnace Equipment Where THigh = 1600 F and

Exposure to 1500 F Static Sodium for 100 Houra!(88) Ty = 1200 F(89)

Ceramics Showing No Observable Attack
And Very Slight Weight Losses

Cr3C (98, 7)f3)

che (<1)la)

TiC (97.4) TiC (<1)
2rC (100) WC (<3)
Al,03 (single crystal) {100) BeO (<1)
BeQ (96)

MgO (single crystal) (100)

Mg2Al04 (single crystal) (100)

Sm203 (79)

~9,5 Smp03=-27 GdaO3=-balance: other rare-
earth oxides (90)

erZ

Ceramics Showing Relatively Little Attack But
Enough to Diastinguish Them From Materials in
the Category Indicated Above

B4C (80-90) TIN (<3)
SiC . TiB; (2)
ThQ, (75-80)
5i3Ng (67.7)
Mosi,
Ceramics Showing Significant
Degreas of Attack

ZrQ; (Ca-stabilized)
BN (60=98)

B4C (0.5)
B4C=20 wi% ZrB; {0, 4)
MOZC (B)
TiN SiC=8i (0, 3)
ZrC (<1)
Ta 05 (2)
ThO, (<2)
Uo; (2)
ZrB, (0,7)
CaF (1)
MoSi, (<1)
MoS; (19)
CeS {19)

() In the left column the numbers in parenthesis refer to percent of theoretical density; in the right
column, the corresponding numbers refer Lo apparent porosity in percent,

)%

a3

W
K
b

ek

1
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TABLE 2, 35, RESISTANCE OF SELECTED CERAMICS AND CERMETS TO ATTACK BY AGED AND
FILTERED SODIUM(90)

Corrosion Rate,

Mole Compositions, mg/{cm2){month) Absorption, Density,
F.xcept as Indicated 932 F 1382 F __percent glcc
Ceramics '
Artificial periclase crystal -0.4 - 0,25
BeQ . 0.14
Stabilizéd 2rO 2.7
1BeO : 1A1;0% 0,0003 0.18
I1MgO :42r0, =0, 091 -14,6 0.01
IMyO : 8BeO i 1A1,03 =0, 44 - 1.6 0,03
76BeQ: 4Al;03: 20Zr0; =0, 64 0,54 0,01
(+2 wt%h CaO)
3MgO : 90BeO: 1Zx0; -0, 68 - 0,96 0,03
Hot=pressed synthetic mica Disintegrated 2,74
TiN Spalled 2,39
CaZrO; 28,7 4, 28
CdO Misaing 5,33
ZnO Misaing 2,33
BeC (swelled due to hydra- 4,5
tion after test)
MoSi, Missing 6,10
Cermats
K-138 (Co~bonded TiC =0, £75
Ke138A (Co=bonded CbC) -0, 225
K=L7 (Co=bonded WC) =0, 15 - 0,1
K=152 (Ni«bonded TiC) ~0,15 - 1,77
K«1528 (Ni=bonded CbC) -0, 05 - 1,6
100 percent TiC ~0,025 - 0,22

PP SEIPRERE SUNPSITN SR o S DR S




POTASSIUM COLUMBIUM ALLOYS

3. POTASSIUM

3.1 COLUMBIUM ALLOYS

3.1.1 Compatibility - General

Pure columbium has excellent resistance
to attack at elevated temperatures by high-purity
potassium liquid and vapor. However, its cor-
rosiun resistance is reduced as the amount of
oxygen impurity in the columbium, the potassium,
or the atmosgphere is increased. Alloying colum-
bium with a small percentage of some strong
oxygen getter like zirconium-or hafnium decreases
its sensitivity to oxygen contamination. The solid-
s olution addition of a refractory metal like tungsten
or molybdenum to a '"gettered" columbium alloy
improves its high-temperature strength without
hurting its resistance to corrosion by potassium,

The sgolubility of columbium in potassium
has been found(91,92,93c) to be rather limited
(€30 ppm) and to vary only slowly with tempera-
ture up to about 2400 F (see Table 3,1), The
weight changes, surface roughening, mass transfer,
and grain-boundary attack which have been observad
in asgorted corrosion tests on columbium and its
alloys are genevally attributable to impurity effects
and to dissimilar materials in the syatems.

POT ASSIUM COLUMBIUM A LLOYS

Theories of corrosion of columbium alloys by
potaagsium generally start with oxygen ether 1in
solution in the rretal or in the potassium, or else
in the form of an adsorbed gas or an oxide filin on
the solid-metal walls, (94) In ungettered alloys
and in gettered alloys with high oxygen contamina-
tion, this oxygen combines with the potassium and
constituents of the columbium alloy to form stable
complex oxides, which may go into solution in the
potassium. In two-phase systems, the distilled
potassium can pick up oxygen from the walls in the
condensing region and give it up to the walls in
liquid zones. This leaves the metal surface rough
or etched, particularly in the condensing region,
In some cases, interstitials concentrated at grain
boundaries are leached out, leaving evidences of
grain-boundary penetration. The extent of de~
gradation depends on time, temperature, and
whether or not a continuing source of oxygen (e. g.,
from the test environment) is present.

Corrosion experiments on columbium alloys
tend to substantiate such theories, For example,
several laboratorieal?1,94,95) have identified
KCbO3, CbO;z, and Cb in the corrosion-product
layers on the walls after heating potassium in a
columbium capsule at 1500 F° or above, with

TABLE 3,1, SOLUBILITY OF TRANSITION METALS IN POTASIUM(93¢)

(Solution equilibrated, centrifuged, and collected in

tungsten-lined cup. }

m———

Solute Equilibration Oxygen In Solubility, (b}
Element Temperature, F Starting K,{3) ppm ppm
ch 2068 23 10

2235 23 19{c)
2275 10 1
Ta 2065 23 17
2235 23 15
2275 10 139(¢)
2425 23 11(c)
Fe 1700 10 452
1830 10 500
Ni 1700 10 3(d)
1830 10 4
Ty 1830 i0 g2(d)
r 1830 10 110{d)

(a) By the vacuum mercury=amalgamation method,

(b) Values obtained with 10-ppm oxygen potassium were for cquilibrated and centrifuged longer,
and are considered more reliable than those obtained with 23 ppm oxygen,

(¢} Average of two determinations,
(d) Average of three determinations,
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purposely high oxygen contamination present.
Refluxing capsule tests have shown oxygen to be
depleted from the condensing-zone walls and con-
centrated in the liquid-zone walls, Gettered
columbium alioys have been exposed for thousands
of hours in boiling-potassium capsules and loops
under clean conditions at temperatures of 2000 F
and above with only minor corrosive attack.

3.1.2. Cb-1Zr in Monometallic Systems

Workers at NASA-Lewis observed solution,
intergranular attack, and mass~-transfer deposits
in Cb-12r refluxing capsules containing purified
potassiurn at 1800 and 2200 F {Table 3,2). (96)
These results are not typical of the behavior of
other gettered columbium alloys, nor are they
duplicated by Cb-1Zr performance in low-oxygen
potassium systems at other sites, The investiga-~
tors suspect that the corrosion was the result of
inward diffusion of residual oxygen during a brief
period early in the exposures when the pressure
in the vacuum chamber increased from ~ 1077 to
~10-3 torr,

Cb-1Zr capsules with Cb-12Zr tab inserts,
tested by General Electric for 5,000 hours with
2000 F refluxing potassium, showed only a small
amount of general corrosion in the form of stains,
slight increase in hardness in the vapor region,
some polishing above the liquid zone, and in-
significant dimensional and weight changes, (97,98a)
A similar capsule tested for 10,000 hours showed,
in addition, some fine black deposits and gold
discoloration on the wally between the _Frlmary
condensging zone and the liquid zone. (97) These
capsules had been fabricated by rolling 80-mil
sheet and TIG welding the axial seam and end caps,
then homogenizing the welds for ] hour at 2200 F,
Pouttedt metallography of the 5000-hour capsule
welds showed large grains containing a fine pre-
cipitate, but no corrosive attack, However, an
carlior Cb-1Zr capsule, which had been operated
with unstable boiling for 1000 hours at 4000 F,
suffered grain-boundary attack (maximum, over
10 mils deep) in a few selected grain boundaries
in the weldments submerged in liquid potas-
sium, (983) 1t way conjectured that this nonre-
producible attack was assoviated with vapor-
nucleation sites,

Similar attack in the heat-affected zone of
an incomplete-penetration weld of a Cb- lZr
thermocduple well in a natural-convection boliling-
potassium Cb-1Zr loop was obeerved at Oak
Rhlsc after ¢800 hours of loop operation at 2050
0O he purous, irregular surface at the root
of the weld appeared to be an ideal vapor-bubble
nucleation site, and the observed attack (<1 mil)
wdas assutned to have resulted from the violent
apitation of hiquid potawsium in this region, This
was the only corrosion detected metallographically
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in this loop, though a maximum condenser-wall loss
of 0.1 mg/cmz(correaponding to a removal rate of
only 12 u -~inch/year) was detected by weight
changes of sleeve inserts, Also, a very slight
quantity (~ 1 milligram) of mass-transfer crystals
was recovered from the stripping solution used to
clean the insert specimens from the subcooler
region. Overall, however, the corrosion of the
Cb-1Zr in this ¢800-hour, 1200 F ligquid, 2050 F
boiling-potassium loop was negligible.

Table 3. 3 includes the conditions and resulis
of boiling-potasgsium capsule and loop tests operated
at Oak Ridge with Cb-1Zr, {93€,100) The corrosion
tabs underwent weight losses or gains, depending
on their locations. In all cases, oxygen in the
metal was transferred from the condensing vapor
regions to the coolest liquid regions. The weight
changes were approximately equivalent to the
changes in oxygen content, Thus, the weight
changes appear to reflect migration of oxygen
rather than metal transfer.

In the forced-circulation loop of Table 3, 3,
erosion by wet potassium vapor was studied in a
turbine simulator, consisting of Cb-12r nozzles
and blades, There were no signs of corrosion
anywhere in the loop after 3000 hours of aperation,
except for approximately 1| mil of erosion at a wet-
vapor (83 percent quality) impingement area and
up to 1 mil of localized crystalline deposits nearby,

Pratt & Whitney's 3000-hour thermal-
convection loops showed comparablg Pood behavior
for Cb=-1Zr in boiling potassium, (101} A indicated
in Table 3. 4 dissolution occurred to a liinited ex-
tent in the cooler portions of the Cb~1Z: loops, the
worst effect being a lous of less than 0,5 mil/ys,
Weight changes in the higher-temperature boiler
sections were insignificant, No evidence of cor-
rosion could be found metallographically, and no
serious migration of interstitials occurred,

The endurance limit in reversed bending of
stress-relieved (1 hour at 2200 F) 30-mil Cb-12r
sheet submerged in liquid potassium at 800 F was
measured at Battelle-Columbus{l92) wy 27,000 psi.
In these tests, the neutral axis was parallel to the
rolling direction and runouts were 10° cycles, No
compurable data are available for vacuum or inert-
ga¥ environments,

3.1, 3Columbium Alloys Other Than Cb-1Zr

NASA-Lewis used capsulvs machined from bar
stock of the test material as specimens for boiling-
refluxing potassium compatibility studies, (9
In addition to Ch-1Zr, other columblum alloys
tested, under conditions indicated in Table 3,2
are:

B ]
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TABLE 3,2, CORROSION OF REFRACTORY ALLOYS BY REF LUXING POTASSIUMI?6)

Corrosive Attack

Temperature, Time,
Alioy F Hour __Type _
SCb-291 1800 1000 Intergranular
2200 1000 Solution
Intergranular
B-33% 1800 2000 None
2200 1000 Solution
Solution
2300 380 Intergranular
Cb-lZr 1800 2000 Intergranular
Intergranular
2200 123 Solution
Intergranular
D-43 2200 2000 None
2300 2000 None
Cb~752 2200 4000 None
D-14 20C0 4000 None
AS=55 2200 4000 None
B=66 2200 4000 Solution
C-129 2200 4000 None
Fs-85 2200 4000 None
2300 2000 None
2400 2000 None

Depth,
_ Inches

1,5
2,0
6

0,2

Location

Weld
Condensing section
Liquid section

Condensing section

Liquid-vapor interface

High stress area in
condensing section

Liquid-vapor interface
Liquid section
Condensing section
Liquid=vapor interface

. -

Condensing section

Other

. Gomments

General attack
General attack

Very slight solution
attack at liquids=
vapor interface

Genaral attack
General attack
1.5 mils deposit

Film at liquid=vapor
interface

Amber film over cn=
tire inner surfaco

Cb and Zr0O, film
at liquidevapor
interface

Cb and Zr0, film
at liquid=vapor
interface

Heavy etching, about
0, 2 mil

Cb and ZrO, film at

liquid=vapor inter= -

face

Film at liquidavapor
interface

Cbor Ta film at
liquidevapor
interface

Film at liquid=vapor
interface

Film at liquid=vapor
interface

I
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B-33(Ch-4V)
$Cb-291{Cb-10Ta-10W)

D 14(CL-5Z7)
AS-55(Cb-5W-1Zr-0.2Y-0.06C)
B-66(Cb-5Mo-5V-1Zr)

D-43 or X-110 (Cb-10W-1Z¢-~0. 1C)
FS-85(Ch-27Ta-10W-17r)
Cb-752(Ch-10W-2,5%r)
C-129(Cb-10W- 10H1).

It is apparent from Table 3,2 that the un-
gettered alloys, B-~33 and $SCb-291, were more
severely attacked than the others, which coatain
either zirconium or hafnium. ' The gettered alloys
showed only slight effects from exposure to re-
fluxing potassium, The rmost noticeable effect
was a dark film or ring at the liquid-vapor
interface, X-ray patterns on the more prominent
blemishes revealed the presence of 2r0, and
columbinm crystals, in conformity with the con-
cept that mainly oxygen is responsible for any
corrosion found in these systems, On the basis
of this study, Schauermann concluded that the
following materials look promising as potassium
containers (in order of decreasing corrosion re-
sistance): C-129, D-14, Cb-752, D-43, A§-55,
B-66, and F'S-85, The ungettered alloys, B-33
and SCb-291, were considered unsatisfactory,

The encouraging resistance to boiling po-
tassium exhibited by the D-43 and AS-55 alloys
was confirmed in capsule and looF experiments
by General Electric(97,98a,98b,103) 54 0k
Ridge, (938,100} Capsules with up to 2550 F
refluxing potassium inside and vacua of 10~7 to
1077 torr outside were exposed for perlods up to
10,000 hours, One 5000-hour AS-55 capsule
showed dark stains at the liquid-vapor interface
and elsewhere, which did not appear in a dupli-
cate capsule that had been chargea with potassium
by an improved transfer technique. This implies
that atmospheric contaminants introduced during
charging were responsible for the staining in the
first capsule, No attack of grain boundaries in
either the weldments or recrystallized-sheet
tubing walls was observed in either alloy. Some
of the AS-55 capsules showed sparse, isolated,
white nonmetallic deposits, believed to be Y ,03.
There was some coalescence of carbides, but no
loys in creep-rupture strength at 2000 F'. Neither
alloy suffered mass transfer of carbon. However,
oxygen was leached from both the AS-55 and D-43
alloys in the condensing zones when the starting
material was high in oxygen (400 ppmn or more),
In fact, the weight changes observed in D-43 in-
serts in the Oak Ridge experiments (Table 3. 4)
arce believed to reflect oxygen migration rather
than metallic- element transfer.

Tao asseds the mags-transfer situation ina
polytiermal, circulating potassiutn Licat-exchange
system, General Electric ran two all-liquid
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thermal-convection loops fur 2000 hours at Ty =
2000 F and Ty = 1850 F.{98b) One loop was
constructed of AS-55 alloy and the other was Ch-
10W-1Zr (D-43 alloy without the carbon). The
latter contained a short hot-zone section of AS-55
tubing to see whether interstitials would transfer
between the two alloys, Posttest metallographic
and dimensional examinations revealed no signs of
corrosion or mass transfer, Chemical analyses
showed no measurable transfer of carbon, nitrogen,
or hydrogen in either loop, However, oxygen was
gettered by the AS-55 insert in the hot zone of the
Cb-10W-1Zr loop, and the surface stain found on
this insert was thought to be a yttrium compound.
Room-temperature tensile strengths of the alloys
were not altered appreciably by the exposures, but
the 2000 F tensile strengths were reduced by about
20 percent (from 30,000 to 24,000 psi), with no
significant migration of interstitials or alloying
elements, Furthermore, as indicated in Figure
3.1, the 3000-hour exposure had no measurable
effect on the yield strength of PWC-533 tabs lo-
cated at various places in the loop,
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FIGURE 3. 1.

Initial oxygen in potassium: 10 to 40
ppm, by mercury emalgamation.

3.1,4 Columbium Alloys in Hetero-
metallic Systemas

3.1.4.1 Cb-12Zr - Hastelloy X

Table 3.5 shows Rocketdyne's results of
capsule tests, (1043} yging relatively impure po-
tassium, The general conclusions from these re-
sults are:
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TABLE 3,5,

CORROSION N} COLUMBIUM AND ¢

COLUMBIJN ALLOY S

1.1.LOY TABS EXPOSED TO "AS-RECEIVED"”

POTASSIUM IN ISOTHERMAL CAPSULLL seda)
Tab Weight
Temperature, Time, Capnule Change, Metallographic
F Hour Material Tab Materials mg /{cm?)(day) Observations on Tab
1450 356 Hastelloy X Cb, weld -0.44 No reaclion layer
Hastelloy X Cb-1Zr, weld -0, 39 Ditto
f Iuconel X Ch, weld -2,32 "
Inconel X Cb=12r, weld -1,90 "
1800 63 Hastelloy X Cb, weld ~1,88 -
63 Ditto Cb=1Zr, weld -2,89 -
63 " Cb~12r, wrought =113 -

100 " Cb, wrought -0. 32 0. 3=mil reaction layer

100 B Chb, weld -0,78 0. 3~mil reaction layer; 1 to 3 mils'
penetration

348 " Cb, wrought =0, 26 1~mil reaction layer

348 " Cb, weld =0.29 lemil reaction layer; 0 to 5 mila'
penetration

1900 50 Hastelloy X Cb, wrought -2, 80 0.5 to l=-mil reaction layer
50 Ditto Cb=~12Zr, wrought =-1,29 0,5 to 1=mil reaction layer
63 " Cb, wrought «7,23 1, 5=mils reaction layer
63 " Cb, weld -5, 30 -
63 " Cbe1Zr, weld -2,90 3 to B=mil reaction layer; 5to 8
mils' penetration

159 " Ch, weld =3, 58 -

159 " Chb-1Zr, weld =2, 89 -

2000 24 Hastelloy X Cb, wrought -0.83 -
24 Hastelloy X Cb, weld -1,43 -

300 Ch=1Zr Cb, wrought =0,03 No reaction layer

300 Chb-12Zr Cb=12Zr, wrought +0, 06 No reaction layer
2100 100 Chb=12r Cb, wrought =0, 04 -

100 Ditto Cb, weld -0, 04 Finely dispersed second phase
throughout, except in grain
boundaries

100 " Cb-12r, wrought +0, 09 -

100 " Cb=1Zr, weld +0, 07 Finely dispersed second phase
throughout, except in grain
boundaries

2200 140 Cb-14r Ch, wrought =0, 07 -




58

POTASSIUM COLUMBIUM ALLOYS

(1; Columbium and Cb-1Zr taby undergo
nroncunced weighi losses when exposed
1. 1450 to 2000 F potassinm in Ha stelloy
X rapsules, Wrought material is su-
perior to welded, and CL-1Zr is superior
to unalloyed columbiuim.

(2) At 1800 and 1900 F, columbium and Cb-
1Zr welds suffer severe intergranular
penetration when exposed to potassium
in Hastelloy X capsules, and both welded
and wrought materials show CbN and/or
CbC reaction layers,

(3) Weight changes of columbium and Cb-1Zr
specimens tested in Ch-1Zr capsules at
temperatures up to 2200 F are small in
comparison with those in Hastelloy X
capsules, The columbium specimens
lose weight, and the Cb-1Zr specimens
gain. These changes are orders of
magnitude greater than tiose observed
by Pratt & Whitney and General Electric
workers, presumably because the
Rocketdyne capsule systems contained
substantially more oxygen impurity.

3,1,4,2 Cb-1Zr - Austenitic Stainless Steel

General Electric tested two Type 321
stainless-steel and two Type 316 stainless-steel
isothermal capsules each containing two Cb~1Zr
test specimens, for 1000 hours at 1400 F in
air, (93d,105) The Cb-12r specimens in the Type
316 stainless-steel capsules came out tarnished
and showed weight gains, whereas those in the
Type 32] stainlessa-steel capsules did not, Chemi-
cal analyses showed that the Cb-1Zr specimens in
the Type 316 stainless-steel capsules picked up sub-
stantial quantities of carbon and nitrogen, whereas
those in the Type 321 stainlesn-steel capsules did
not (Table 3,6). The resistance to migration of the
carbon and nitrogen from the Type 321 stainless
gteel is attributed to its titanium, which forms
highly stable carbides and nitrides. The oxygen
and hydrogen contents were not affected significant~
ly in either case, The increased strength and de-
creased ductility resulting from the carbon and
nitrogen pickup in the Cb-1Zr specimens in the
Type 316 stainlesa-steel capsules are apparent in
Table 3.6, Such "embrittlement" is not serious,
since 15 percent elongation of Cb-1Zr at room
temperature represents adequate ductility,

This behavior was corroborated by United
Nuclear,(93b, 106) i thermal-convection loop
experiments., The loops were made of Type 316
stainless stvel and contalned gtrings of Cb«1Zr
and Type 316 stainless-steel tabs, and in one case,
two Type 321 stainless-steel tabs, Maximum and

minimum temperatures were 1600 and 1200 F,
respectively, and the potassium used was filtered
and gettered to 25 ppm oxygen, 35 ppni carbon,
and 5 ppm nitrogen,

In such systems:

POTASSIUM COLUMBIUM ALLOYS

(1) Carbon and nitrogen are depleted from
Type 316 stainless steel (but not from
Type 321 stainless steel) in high-
temperature regions and transported to
lower-temperature regions without
serious deterioration of structural
properties of the stainless steel,

(2) The Cb-1Zr tabs are saturated at low
carbon and nitrogen levels and remain
ductile for at least 5000 hours {longest
test). A thin (<1 mil) carbonitride
surface layer inhibits carbon and nitrogen
diffusion into the matrix, slowing the
formation of embrittling carbides and
nitrides,

(3) Carbon additions to the potassium result
in carburization of the Type 316 stainless
steel throughout the loop, but no increased
pickup of carbon by the Cb-12r,
the use of nitrogen instead of argon for the
atmosphere above the potassium does not
increase the total nitrogen pickup by the
Cb-1Zr.

In the above systems, the Type 316 stalnless
steel:Ch-«1Zr surface area ratio was between 20:1
and 100:1. When the ratio is reversed (Cb-12r 5>
Type 316 atainleas steel), the large refractory-alloy
surfaces would be expected to getter interstitials
from the limited stainless surfaces, This is il-
lustrated by the four Type 316 stainless steel tabs
in the 1250 F region of Fratt & Whitney's Cb-12r
Loop 4 (Table 3. 4), These specimens all under-
went minute weight losses during the 3uVU-hour
test, presumably by leaching of interwtitials, and
the Cb-1Zr tabs immaediately downstream showed
corresponding slight weight gaing. There was no
measurable migration of Type 316 stainless-steel
constitueate to the Ch-1Zr anywhere else in the loop,

3,1,4,3 Cb-12r - T2M (Mo-0,5Ti-0,082Zr)

Since the SNAP-50/SPUR power-conversion
system may employ a TZM turbine wheel in a Cb-
1Zr casing, the compatibility of this combination
of alloys with wet potassium vapor is of special
interest, On the basie of exarninations of the TZM
inserts from Pratt & Whitney's Cb-1Zr Loop ¢
(Table 3.4),(101) it was concluded that TZM is
compatible with wet potassium vapor at 1850 F,
However, the yield-strength results for potassium-
exposed TZM shown in Figure 3,1 suggest a possible
reduction in high~temperature strength as a result
of the exposure,

General Electric ran two Cb-1Zr, 2000 F
refluxing-potassium, capsule tests with TZM tubular
ingerts {n the condensing region, One was ex-
posed for 2500 honre and the other for 5000 hours,
Preliminary results indicate excellent compatibility

Similiarly,
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TABLE 3. v,
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EFFECT OF 1000-HOUR EXPOSURE TO 1400 F POTASSIUM ON 0, 040~INCH THICK Cb-~1Zr

SPECIMENS CONTAINED IN TYPES 316 SS AND 321 SS CAPSULES(93d,105)

Room=~Temperature Tensile Properties
of Cb=~1Zr Alloy Specimens

0.2% Offset Ultim ate
Chemical Analyses of Yield Tensile
Capsule Material Cb-1Zr Alloy Specimens, ppm Strength, Strength, Elongation,
and Specimen C N o] H psi _psi percent
Uncxposed=1 10 14 75 6 23,300 40,000 37
Unexposed=~2 50 50 200 24 - - -
Type 321 SS-3 50 21 147 13 29,600 49,300 30
Type 321 55«4 35 16 114 14 25,300 42,800 36
Type 316 SS=1 210 206 258 23 46,700 56,000 20
Type 316 SS=2 280 336 156 T 40, 300 57,000 15

for thia system. The only changes observed were
some staining of the walls in the vapor region,
minute weight losses (1.3 mg/cmé, maximum)

of the inserts in the condensing zone of the 5000~
hour capsule, and some surface decarburization
and recrystallization of the TZM.

3,1.4.4 Cb-12r - PWC-1] (Cb-1Zr-0.1C)

As indicated in Table 3. 4, fourteen PWC-11
tabs were gnuertad at various locations in Cb-1Zr
Loop 3 1 and exposed for 3000 hours to flowing
potassium between the 1300 ¥ subcooled liquid
state and tle 2000 F vapor state, Since the only
difference between the Cb-12r loop material and
the PWC~11 inserts was the carbon in the latter,
carbon migration and ita side effects were of
particular interest.

Posttest examinations revealed the following:

(1) Tabs in the boiler gained weight; those
in the condenser and subcooler lost
weight (Table 3, 4},

{2) All tabs showed some increase in carbon
at the surfaces, the greatest gain being
in tabs in the 1975 F liquid in the boiler
zone (from pretest value of 900 to 1000
ppm to posttest value of 1300 to 1900

ppm).

(3) There were no significant changes in
the nitrogen, oxygen, or zirconium con-
centrations in the PWC-11 tabs.

(4) The strength of the PWC-11} was not
altered by the exposure, as can be seen
in Figure 3, 1.

3.1,4.5 Cb-1Zr - PWC-633 (Cb-5Mo0-3Ti-3Zr-
0.1

Pratt & Whitney workers exposed welded
samples of PWC-533 alloy to 2000 F potassium
for 1600 hours in Cb-1Zr capsules with no mea-
surable weight changes, corrosive attack, or
material transfer, This outstanding performance
was duplicated by the PWC-533 tabs in the 1600 I
condenaing zone of a boiling=potassium Ch~1Zr
thermal-convection loop (Loop 1, Table 3, 4}, (101)

POTASSIUM MOLYBDENUM ALIOYS

3.2 MOLYBDENUM ALLOYS

3.2, 1 Compatibility - General

Molybdenum and various molybdenum alloys
have been tested in liquid and vapor potassium
with results varying from a loss of 7 mg/{cm?)
(day) at 1800 F{1043} to no measurable attack after
2500 hours at 2000 F, {938} The controlling factor
in this seemingly inconsistent behavior is the oxygen
content of the potassium,

The apparent equilibrium solubility of
molybdenum in potassium increases roughly linearly
with increasing oxygen content in the potassium,
as illustrated in Figure 3,2, Pure molybdenum
is essentially insoluble in pure potassium as sug-
gested by the fact that it drops below 1 ppm in
2000 F potassium which has been purified to 70
ppm oxygen or less.
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It s vvident that the molybdenum detected in
these solubility tests is in the form of products of
chemical reactions which require the presence of
oxygen in some form, Though the solubility of
molecular oxygen in molybdenum ia low (45 to 65
ppm at 2000 to 3000 F), surface oxides can form
quite readily, When these oxides (MoOZ or MoQ3)
come in contact with molten potassium or with
potagsium oxides at temperatures above about 500
F, free energies favor the formation of stable
cowplex oxides, such as K;MoO,. 109) The
latter compounds or their dissociation pruducts
go into solution in the potassium, and their
molybdenum atoms are detected spectrographically
as '"dissolved' molybdenum. As implied in
Figure 3,2, these Mo-O-K interactions continue
as long as oxygen is being added, Presumably,
the apparent molybdenum solubility would level
off if enough oxygen were added to saturate the
potassium with complex oxides - a limit which has
not been reached in Figure 3,2 (56000 ppm oxygen
at 2000 F).

In summary, molybdenum has excellent

registance to attack by high-purity potassium at
temperatures to 4500 F. However, its resistance

e
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18 reduced as the oxygen content of the potassium
is increased. Alloying the molybdenum with small
amounts of oxygen getters like titanium and zir-
conium raises its recrystallization temperature and
improves its mechanical properties, but has little
effect on its sensitivity to oxygen contamination.
Thus, molybdenum and alloys like Mo-0.5Ti, TZM
(Mo-0.5Ti-0,08Zr), or TZC (Mo-1, 2Ti-0,25Zr-
0.15C) are practical long-time containers for high-
temperature molten potassium and potassium vapor
only when the oxygen in the system can be kept

low (< 50 ppm, by amalgamation).

3,2,2 Corrosion and Mass-Transfer Tests

As shown in Table 3, 3, sleeves of TZM (Mo~
0.5Ti-0,.08Zr-0.03C) exposed to 2300 F boiling-
refluxing potassium inside a TZM capsule under-
went weight gains and loeses indicative of material
transfer from the top of the condensing zone to the
regions below. While these weight changes were
greater than those of columbium-base alloy speci-
mens under similar conditions, the maximum
equivalent corrosion rate was actually insignificant
(0. 035 mil/yr of uniform surface removal), Post-
test analyses showed no interstitial migration in’
the TZM and some pickup of titanium and molyb-
denum in the potassium., These manifestations are
consgistent with the previously described concept
that dissolutive attack of molybdenum by potassium
stems from Mo-O-K {and Ti-O-K) interactions,
The tests covered in Table 3. 3 were conducted under
vacuum in the range 10-7 tn 10~9 torr, and initial
oxygen in the potassium waa less than 50 ppm (by
the amalgamation method). With such restricted
availability of oxygen, it is not surprising that the
absolute rate of corrosion of the TZM inserts was
negligible,

Though the examinations were not complete at
the time of this writing, the TZM inserts in the D-43
columbium-alloy loop shown in Table 3.3 showed a
consistent pattern of very slight weight gaina, which
may be indicative of dissimilar-metal mass trans-
fer.

During the course of creep experiments in a
potassium-vapor environment to check the suitabi-
lity of TZM alloy for the potassium-vapor turbine
in the SNAP-50/SPUR power plant, mass-transfer
crystals (99+ wit% molf'bdenum) were found on the
specimen surfacea.“ 0) A special study was
made with TZM capsules under boiling-refluxing
conditions to determine how various u(yutem para-
meters influenced the mass transfer. (111) Thig
study, utilizing peak potassium temperatures
between 1500 and 2040 F and oxygen contents of
48 to 500 ppm (determined by mercury amalgama-
tion), led to the following salient conclusions:
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(1) The amount of mass transfer is more

. sengitive to the ainount of oxygen in
the potassium than to any other variable
in the study.

The amount of mass transfer is rela-
tively insensitive to temperature
gradients; transferred material tends
to deposit preferentially on the hottest
surfacec, signifying that chemical re-
actions and diffusion processes, rather
than solution-precipitation effects, are
responsible,

(2)

(3) The chemical reactions leading to cry-
stal deposition reach an equilibrium or
saturation condition in a relatively
short time, as demonstrated by the fact
that deposits were no heavier after 480

hours than they were after 50 hours,

As pointed out in the section on Columbium
Alloys, TZM inserts showed excellent compatibi-
lity with Cb-1Zr in boiling-refluxing potassium
after 5000 hours at 2000 F.(933) simjlar cap-
sule experiments gave insignificant weight changes
for Mo-0,.5Ti inserts in_1800 F refluxing potas-
sium after 500 hours. Consequently, several
investigations were run to examine the ability
«f TZM and Mo-0.5Ti simulated turbine blades
and nozzles to withstand erosion by high-velocity
potassium vapor,.

At AiResearch, 2000 F potassium vapor with
a calculated quality of 80 to 100 percent was ex-
panded in a Cb-1Zr loop through a series of noz-
zles, and impinged on Mo-0. 5Ti stationary test
coupons at each nozzle exit, (112) The potassium
had been gettered with zirconium sheet for 14 hours
at 1400 F prior to the test. Examinations of the
Mo-0. 5Ti test couples and nozzles after the 307-
hour test showed the following:

(1) Nozzle 1, which was Mo-0, 5Ti exposed
to the highest-quality vapor, did not
change in diameter,

Subsequent nozzles, which were Ch-~1Zr
exposed to lower quality vapor, in-
creased in diameter by 0, 3 to 0. 4 mil,

(2)

Mo-0C, 5Ti test coupons did not change
thickness measurably, but lost 0. 2 to
0. 8 milligram (of ~2, 7 grams), and
their mirror finish developed a satiny
texture in the impingement areas,

{3)

(1) Meiallography to 200X revealed no

surface irregularities in the satiny
zones,

In similar experiments at Oak Ridge, TZM-
alley nozzle and turbine-blade specimens in Type
316 stainless stecl loops showed severe cratering
and rclatively high weight losses after 504 to 2067
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hours' exposure to 1280 F potassium vapor at 83
percent quality. (93£,100) Reaction products re-
moved from the TZM components showed un-
usually high concentrations of carbon and oxygen.
However, a repeat experiment, with the addition

of a full-flow zirconium hot trap to provide oxygen-
free potassium to the TZM test nozzles and blades,
yielded virtually no cratering or weight losses of
the TZM. This signifies that the severe attack and
mass transfer in the original tasts were caused by
oxygen contamination in the criginal potassium. An
analogous capsule experiment, using alternate Type
316 stainless steel and TZM sleeves inside a Type
316 stainless steel capsule containing highly puri-
fied 1600 F refluxing potassium (20 ppm oxygen by
amalgamation) revealed no corrosion or dissimilar-
metal mass transfer in any of the components. This
verifies the compatibility of Type 316 stainless
steel with TZM in low-oxygen potassium systems.

3.2.3 Effects of Exposure on Mechanical Properties

Creep-rupture tests were run for up to 1539
hours on vacuum-arc-cast, hot-rolled, stress-
relieved Mo-0, 5Ti{98f,113) and TZM(110) alloys.
For most of the work, hollow specimens were test-
ed in an evacuated chamber. Secaled inside the test
specimens were small charges of potassium, so
that the inside walls’would be exposed to potassium
vapor at the test temperatures (1800 and 2000 F)
during the creep experiments. The potassium
used contained less than 80 ppm oxygen, as mea-
sured by mercury amalgamation. Similar control
specimens were tested without potassium,

For both alloys, the design curves, shown
in Figures 3.3 and 3.4 were the same for the
potassium-exposed specimens as for the controls.
Thus, it ways concluded that the creep-rupture
behavior, at least up to 1000 hours at 1800 and
2000 F, of these alloys is not affected significantly
by potassium vapor. However, the discovery of
mass-transfer deposits inside the potassium-
exposed specimens led to a study(“n which demon-
strated that the mass-transfer rate is sensitive
to the amount of oxygen in the potassium. Thus,
in systems where significant oxygen contamination
is present, mass transfer would be expected to
accelerate the creep after enough time for corrosion
to weaken the material, Where oxygen contamina-
tion can be successfully excluded, exposure of Mo-
0.5Ti or TZM alloy to 2000 F potassium should
have noadverse effect on creep behavior,

Using tension-tension axial loading on hollow
cylindrical specimens, a fatigue-test program was
carried out on vacuum-arc-cast, hot-rolled, stress-
relieved Mo-0.5Ti alloy. {114} The load ratio
(alternating stress to mean stress) was 0. 95, and
the frequency was 60 cps. As in the creep tests,
small charges of potassium (<80 ppm oxyygen Ly
mercury amalgamation) were sealed inside the
specimen cavities so that the inner walls would be
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exposed to saturated potassium vapor at the test
temperatures {1500 and 2000 F). Similar speci-
mens were tested without potassium, as controls.

The results, shown in Figure 3.5, indicate
that the endurance limit is reduced significantly
by the presence of potassium vapor. This pheno-
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menor. secems to be associated more with surface
effects than with gross corrosion, becouse it oc-
curs with short- as well as long-lifetime specimens.
The study was not comprehensive enough to pin-
point the actual cause of the lowered fatigue life of
of the potassium-exposed Mo-0,5Ti.
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FIGURE 3.5. RESULTS OF AXIAL-LOAD FATIGUE TESTS ON Mo-0.5Ti IN HELIUM-
VACUUM ATMOSPHERE, OR POTASSIUM-VACUUM ATMOSPHERE AT
1500 F AND 2000 F{114)

POTASSIUM TANTALUM ALLOYS POTASSIUM TANTALUM ALLOQOYS

3.5 TANTALUM ALLOYS

Pure tantalum has excellent resistance to
attack at elevated temperatures by high-purity
potassium liquid and vapor. However, its cor-
rosion resistance is drastically reduced by small
amounts of oxygen impurity in the tantalum or the
potassium. This effect is apparently even more
pronounced in tantalum than it is in columbium,
Similar to columbium, alloying tantalum with a
small percentage of some strong oxygen getter
like zirconium or hafnium decreases its gensiti-
vity to oxygen contamination.

On the basis of data in Table 3.1 using 3-hour
equilibrations, tantalum appears somewhat more
soluble in potassium at 2275 F than niobium.
However, to date there has been no systematic
stizdy of the effects of interstitials on the measured
solubility.

Table 3.7 summarizes the results of tantalum-
alloy capsule tests with refluxing potassium at
1700 to 2400 F. Several facts are immediately
agparent:

e
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TABLE 3,7. CORROSION OF TANTALUM-ALLOY CAPSULES EXPOSED TO HIGH-PURITY REFLUXING
POTASSIUM(2) INSIDE AND HIGH VACUUM(b) OUTSIDE(96)
Oxygen in Capsule Walls, ppm
Temperature, Time, Pretest Posttest
Alloy Hour Corrosive Attack and Observations Top Bottom
Ta-10W 1800 110 12 mils intergranular through cap seal weld - - -
Ta-10W 2200 8 16 mils intergranular through cap seal weld 8 ssle) 34
T-222(¢) 1800 4000  No attack - - -
T=-222 2200 4000 No attack; K3Tayq0); film at interface; some - - -
WO,
T=-222 2400 4000 No attack; K3Ta0;} film at interface; some 48 57 1780
WO,
T-111(d) 2200 4000  No attack; film at liquid-vapor interface - - -
T=111 2300 2000 No attack; film at liquid-vapor interface 25 48 74

{a} Oxygen content: <20 ppm, by vacuum distillation and mercury amalgamation methods,

(b} o=

to 10-8

torr,

{c}) Composition: Ta-9,6W=-2,4H{-0,01C,
(d) Composition: Ta-8W-2Hf,
(e} Sample taken from cap weld area,

(n

{(3)

(4)

The ungettered alloy Ta-10W picked up
a small amount of oxygen and suffered
severe intergranular penetration,
particularly in the large-grained heat-
affected zone of the end-cap weld,
which began to leak potassium into the
vacuum chamber in a relatively short
time,

Neither the T-222 (Ta-9. 6W-2. 4Hf-
0.01C) nor the T-111 {Ta-8W-2Hf)
capsules showed any metallographic
evidence of corrosive attack after ex-
posures-to refluxing potassium up to
4000 hours at temperatures up to 2400 F.

Films were found at the liquid-vapor
interface of the T-222 and T-111 cap-
sules which had been exposed at 2200 F
and above. X-ray patterrs from the
T-222 capsules showed KpTa40j)] and
WOj3, but no positive identification of
HfO,.

The T-222 and T-111 capsule walls
picked up oxygen preferentially at the
bottom during the exposures. Since each
capsule started with only 1-1/4 centi-
meters of low-oxygen {<20 ppm) potas-
sium, the contamination must have come
from the vacuum-chamber atrmosphere,
The pickup to 1780 ppm oxygen {Table
3.7) is thought by the experimenter to
have occurred mostly during short-time
operation within the test temperature
range, carlv in the test, at pressures

up to ~10-5 torr.

Although the examinations were incomplete
at the time of this writing, indications are that
the T-111 natural-convection loop at Oak Ridge
{Table 3. 3) will give results comparable to the
T-111 capsule results in Table 3.7. The 0.4 mg/
em? in 3000 hours maximum weight loss of tabs
in the condensing zone is equivalent to a uniform
surface removal of 1 mil in 20 years. The weight
gains in Jower-temperature tabs are probably due
to surface films.

POTASSIUM ZIRCONIUM , TITANIUM, AND

HAFNIUM

3.4 ZIRCONIUM, TITANIUM, AND HAFNIUM

Zirconium, titanium, and hafnium are
chemically active transition metals which interact
readily with impurities such as oxygen, hydrogen,
nitrogen, and carbon in potassium. Because the
products of such interactions are usually deleterious
to their mechanical properties, these metals (or
alloys in which they are the major constituents) are
generally unsatisfactory as container materials for
high-temperature potassium. However, sinch they
are more highly active than other transition metals,
they are very useful as getters to remove impurities
from potagsium contained in some other construction
material, These impurities might otherwise react
with the container and lower its ductility and/or
corrosion resistance.

e 1 o
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Zirconium, titanium, and hafnium may be
used as getters in potassium systems in one of
two ways: {1} as minor alloying constitucnts cf
the containment inaterials themselves, and (2) as
active packing {in the form of foil, mesh, or chipsa)
in a full-flow or bypass-flow hot trap. The ef-
fectiveness of gettering by alloying is demonstrated
by the superior corrosion resistance to high-
temperature potassium of B-66 (Cb-5V-5Mo-12r)
over B-33 (Cb-4V), FS-85 (Cb-27Ta-10W-1Zr)
over SCb-~291 (Cb-10Ta-10W, and C-129 (Cb-10W-
10H{) over SCb-291 (Cb-10W-10Ta}), as shown in
Table 3.2, Similarly, as shown in lable 3. 7,
replacement of a few percent of the tungsten in
Ta-10W by hafnium completely climinated the
intergranular attack.

Workers at Oak Ridge studied the distribu-
tion of oxygen between zirconium and liquid potas-
gium at 1500 F, (115} Where no oxide scale was
visible, the final weight fraction of oxygen in the
zirconium varied from 3 to 30 times that in the
potassium, and increased with time at a given zir-
conium specimen thickness as shown in Figure
3.6, The data in Figure 3, 6 were successfully
applied to the analysis of potagsium for oxygen in
the 100 to 3000-ppm range. This was accomplished
by simply measuring the amount of oxygen in a
zirconium tab before and after a 100-hour exposure
to the potassium at 1500 F, and calculating how
much was in the potassium originally.
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FIGURE 3.6. DISTRIBUTION RATIO FOR OXYGEN
BETWEEN ZIRCONIUM AND POTAS-
SIUM AT 1500 F(115)

POTASSIUM NICKEL-, IRON-, AND
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3.5 NICKEL-, AND IRON-, AND COBALT -
BASE ALLOYS

3.5,1 Compatibility - General

Aside from corrosion considerations, the
dropoff in high~temperature strength of nickel-,
iron-, and cobalt-base alloys litnits their use as
containers for potassium to systems where tempera-
tures are below about 1900 F at best, However,
many commercially available nickel-, iron-, and
cobalt-base alloys are endowed with attractive
oxidation resistance, fabricability, and atrength
below 1900 F'; so that their suitability for potassium
heat~-exchange syaterms would depend largely on
their compatibility with the potassium,

On the basis of the solubility data shown in
Table 3,1 and Figure 3. 7§92,93¢,116) 4 appears
that'the use of nickel- and cobalt-rich alloys should
not be seriously limited by solubility criteria in
potassium heat-exchange systems. Iron-rich
alloys, on the other hand, would be expected to
suffer significant mass transfer from solution-
precipitation phenomena in polythermal systems,

It was found experimentally that the apparent
solubility of iron is increcased by the presence of
oxygen in the potassium. Thus, the successful
use of iron-base alloys would be contingent largely
upon maintaining a low oxygen level in the potas-
sium. Indeed, in low-oxygen loops containing
potassium in austenitic stainless steel, the masas-
transfe> kinetics are such that nickel and chromium
are leached preferentially, leaving a ferritic sur-
face layer on the hot-zone walls and deposits rich
in nickel and chromium on the cold-zone walls,

In general, it has been found that the re-
sistance of cobalt-base alloys to attack by potas-
sium is about the same as that of iron-bace alloys.
Nickel-base alloys, however, appear to be in-
ferior. :

Migration of carbon (and other interstitials)
from hot to cooler regions has been observed in
polythermal potassium loops fabricated of iron-,
nickel~, or cobalt-base alloys. The extent of
such migration is dependent on temperature
patterns, time, and the nature of the interstitial-
element sources and sinks present, The serious-
ness of thia problem hinges upon the amount of
property deterioration (embrittlement or loss of
strength) suffered by the alloy in question as a
result of carburization, decarburization, or other
interstitial- eleme. t transfer.

Dissolutive attack of iron-, nickel-, or
cobalt-basc alloys in clean potassium heat-transfer
loops has bean found to be relatively mild,
Similarly, with the e..ception of a few highly con-
tamineted loop experi.nents, long-term tests have
not been troubled with plugging by the sparse mass-
transfer crystals formed. However, such crystals
have been known to find their way into small-
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clearance liquid-metal-lubricated bearings and
cause galling - a problem which can likely be cir-
cumvented by placing filters ahead of the bearings.

3.5,2 Nickel-Base Alloys

3,5.2.1 Inconel (78Ni-15Cr-1Fe)

Inconel doas not resist attack by 1600 F
boiling potassium as well as Haynes Alloy No, 25
or Type 316 stainless steel. Refluxing capsules
with 1600 F boiling potassium, after operation
for 1000 hours at Oak Ridge, showed measurable
weight losses from the condensing zone and weight
gains in the subcooled liquid region.‘“a‘) This
mans-tranefer pattern was repeated in the 1500~
hour Inconel natural-convection loop depicted in
Table 3.8 (Loop 3).(}19) The boiler and con-
denser regions of this loop developed extensive
intergranular cracks up to 20 mils deep. In
addition, there was decarburization and grain
growth in the 1600 F regions of the boiler and
condenser, ahd maes-transfer deposits (enriched
in iron and carbon and depleted in chromium)
on the 1250 F' subcooler walls.

Since boiling in this loop was not stable,
it is not certain how much of the grain-boundary
damage is due to thermal fatigue and how much
to solution attack, Workers at NASA-Lewis ex-

POTASSIUM

NICKEL-, IRON-, AND
COBALT-BASE ALLOYS

perienced complete penctration of the 14-mil
Inconel wall at the ligquid-vapor interface of an
early 1650 F boiling potassium loop atter 430
hours, suggesting solution attack of grain-boundary
material - particularly when the potassium purity
is not closely controlled. (118D) pogttest metal-
lographic examination of a subaequent 500-hour
loop corroborates thisa. The Inconel wall was
thinned several mils at the liguid-vapor interface,
and showed severe intergranular penetration about
5 mils deep.

3,5.2.2 Hastelloy X (45Ni-24Fe-~22Cr-9YMo)

A limited amount of experimentation has been
conducted with Hastelloy X as a container for
molten potassium, Its corrosion resistance is
generally inferior to that of stainless steels and
Haynes Alloy No, 25, Its suitability for potassium

containment would thus be limited to low-temperature,

iong-life applications, or to short-service applica-
tions at higher temperatures,

The most serious drawback to the use of
Hastelloy X in polythermal potassium systems is
the mass-transfer problem, A forced-circulation

all-Hasatelloy X loop test with 1800 F - 1350 F potas-

sium flowing at 10 ips was terminated by complete
plugging of the electromaanetic pump cell after only
530 hours of operation. (104b) The metallic plug
and a heavy layer of deposited crystals throughout
the cold leg of the loop analyzed predominantly
nickel, The hot leg was severely roughened, and
showed 4 mils of intergranular attack, Data were
not obtained to indicate the role of oxygen impurity
in these corrosion and mass-transfer effects,

Hastelloy X corrosion tabs were expoased for
500 houra in two Cb~12Zr capaules containing
boiling-refluxing potassium at 1800 - 1700 F and
at 1650 - 1350 F, rupeccively.“o‘b) The tabs in
the higher<temperature teat underwent solution~
type attack and intergranular penetration. The
lower-temperature specimens gained weight, sug-
gesting a transfer of material from the Cb-12r
capsule walls to the Hastelloy X specimens, simi-
lar to that found in a comparable experiment at
another site, (104a) Again, there was no indication
of what would happen if these experiments were
repeated using ultrapure potassium,

3,5,3.1 Stainless Steel

Experiments with Type 316 stainlesy steel

refluxing capsules and thermal-convection loops con-

taining potassium boiling at 1500 to 1600 F showed
conaistent patterns of alight weight losses from the
walls in the hot-liquid and hot-vapor re?ions and
slight gains in the cold-liquid regions.( 18a,119)
Typical data from two such loops are included in
Table 3,8 (Loops 1 and 2), Highlights of the con-
clusions from these experiments are:

;
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TABLE 5.8, UAn Kilur FOTASSIUM LGOI THoT nocgrreltin
Test Toemperature, F Condenning Insert Weight Changeld), General General
Time,  Boiler Subcaoler Rate, mg/in, 4 Metallographic  Chemical
Loop Material Hour {max) Condenser {min) g/min Condenser  Subcooler Results Results
I, Type 316 S§ 3000 1600 1600 1250 180 - 4 +30 (b) (c}
(nonuniform) (snaximum)
2, Type 316 S5 13000 1670 1600 1250 180 -8 +90 {d}) {e)
{uniform) {maximum)
3. Inconel 1500 1600 1600 1250 180 -8 +50 {f) (c)
{uniform) {maximum)
4, Haynes Al- 3000 1600 1600 1250 180 =10 +40 (g) {e)
toy No, 25 (uniform) {maximum)
§, Haynes Al= 3000 1800 1740 1410 300 =14 +70 (h) le)

loy No, 25

e

—— e

(a) A weight loss of ~130 mg/in, 2 ix equivalent to 1 mil of uniform surface removal,

(b} Subsurface voids at liquid level in boiler 2 mils deep,
(¢} Transfer of carbon from condenser to subcooler,
(d} Surface roughening to 0,002 inch in boiler,

condenser at liquid level,
(e) Transfer of carbon from condenser to subcooler,

(f) Intergranualr attack to 20 mils in boiler, 15 mils in condenser,

(g) Surface roughening in boilur to approximately 0,5 mil,
in condenser, especially in weld rones,

to 28 mils in depth at liquid level in condenser,

(1) Unasatable boiling can subject the loop
tubing to thermal fatigue as a result of
alternate gurges of potaseium vapor
and liquid at the liquid-vapor interface
in the condenser and boiler, For
example, severe cracking occurred in
the condenser of Loop 2 (Table 3,8
which operated unstably for 3000 hours,
but not in Loop 1, which operated stably.

(2) Dissolutioning occurs in hot zones and
precipitation of solids occurs in cold
zones of Type 316 stainlesy stuel loopa
operating with 1670 F boiling, 1250 F
subcooled petassium, However, these
effects are slight. For instance, the 8
mg/in, ¢ condenser weight loss in Loop
2 {Table 3.8) is equivalent to a uniform
reduction in wall thickness of only 0,06
mil during the 3000-hour test.

(3) In polythermal potagsium loops, imaterial
leached from hot-zone Type 316 stainless
steel walls and depnsited in the cold
zones appears to be enriched in nickel
and chromium and depleted in iron,

Thus, the crystalline deposite from the
cool walls of Loop 2 (Table 3, 8) were
found to contain iron, nickel, and
chromium in the approximate weight
ratios of 50:20:30, as compared with the
pretest Type 316 stainless steel composi-
tion of 70:12:18,

Numerous cracks in boiler at liquid level,
Scattered mansa transfer in subcooler 0,5 mil thick,
(h) Surface roughness to <0, 5 mil in depth in boiler and condenser, Mass=transfer deposit 7 mils deep in subcooler,

Surface roughening in condenser approximately 0,5 mil deep,

No preferential removal of iron, nickel, or chromium from condenser.
Subsurface voids in condencer 10 to 12 mils deep,
Mass=transfar depoait in subcooler

Severe cracking in

8 mils deep,

Mass=transfer deposit in subcooler 5 mils deep,
Severe cracking

Cracks

(4) Ina Type 316 stainless steel boiling«
condensing potassium loop, carbon is
transferred from the condensing region
and subssquently deposited and and dif-
fused into the subcooler walls, In Loop
2 (Table 3. 8), for instance, a 3-mil
surface layer from the 1600 F condensing
region dropped from a pretest carbon
analysis of 0, 08 wt % to a posttest value
of 0,036 wt %,while the 1250 to 1400 F
liquid- submerged condenser and sub~
cooler surfaces increased in carbon con-
tent to ~0.5 wt %, X-ray analysis of
crystals from the latter region ylelded
patterns matching Cr23Cq¢, among other
things,

(5) Under some combinations of thermal
history and carbon pickup in potassium
systems, Type 316 stainless steel can be
embrittled by the formation of a nearly
continuous grain-boundary carbide phase,
This occurred in a specimen in Loop ¢
{Table 3, 8) exposed to liquid potassium at
1290 F which showed a posttest room-
temperature elongation at fracture of 15,5
percent compared with 51. 5 percent for a
control specimen, All other tensile speci-
mens (both carburized and decarburized)
from this loop showed significant drops in

-1 strength, but only slight changes
svation and ultimate strength,
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Potassium does not appear to be as corrosive
to Type 316 stainless steel as sodiurn, This is
bascd on progressive weight losses of removable
Type 316 stainleas steel specimens from the hot
zones of identical loops containing sodium and
potassium, as shown in Figure 3, 8,(98c) The
corroeion rate of the stainless steel decreased
with time in both sodium and potassium, apparently
due to selective leaching of constituents from the
steel, A ferritic layer formed on the exposed
surfaces in both cases, At 5000 hours, the cor-
rosion rate in 1575 F potassium was 20 mg/{cm?2)
(month), equivalent to a uniform surface removal
rate of 0. 12 mils/year. The corresponding rate
in sodium was three times this value.

700
o]
€00
N§5oo P /o P
2 /
. Sodium
400 V.
§ i
§
’ tassi
,‘§ 200 j/& assium
|oo/r
0570502065 ‘séoo 4000 mo%oo
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FIGURE 3,8, SODIUM-POTASSIUM CORROSION
COMPARISON, TAB WEIGHT LOSS
VERSUS TIME FOR TYPE 316
STAINLESS STEEL TABS
SUSPENDED IN SODIUM AND PO-
TASSIUM FLOWING IN IDENTICAL
STAINLESS STEEL THERMAL-
CONVECTION LOOPS AT 1575 F
(475 F 4 T)(98¢)

When a Type 316 stainless steel rotating
component, such as the impeller of a centrifugal
pump, is operated in molten potassium under
cavitating conditions, it is more susceptible to
cavitation damage than if it were operating in
water, This wus demonstrated by controlled ex-
periments in which an investment cast Type 316
stainless steel impeller showed no damage after
running for 300 hours in 100 F water under cavi-
tating conditions, but was pitted and tunnelled to a

i
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maximum depth ot 5V mals atter 350 hours in (400 O
cavitating potagsium. {120} Detailed metallographic
and chemical studies of the damaged impeller led

to the conclusion that such pitting is caused pri-
rnarily by mechanical implosion forces, with es-
sentially no contribution by chemical interactions
involving potassium.

Erosion by 3000-fps wet potassium vapor im-
pinging on Type 316 stainless steel is apparently
not as damaging as the cavitation described above,
In a 750~-hour test of Type 316 stainless steel
simulated turbine nozzles and blades in a Type 316
stainless steel loop, the only damage found was a
umgbth shallow depression where the 1280 F vapor
(8% percent quality) impinged on the second-stage
blade.

3,5.3,2 Carbon Steels

Static, isothermal capsule exposures of SAE
4340 steel apecimens to 1000 F potassium liquid
and vapor for 500 hours produced only small weight
losses. Metallographic examinations of
normalized and tempered (RC 33) SAE 4340 steel
specimens following creep experiments in 800 and
1000 F potassium vapor revealed decarburization
of the surfaces on the order of 1 mil deep after
about 1000 hours' exposure, (98d,121) Thiy de-
carburization did not accelerate the creep noticeably.
However, over longer pericds of time, progressive
decarburization of the SAE 4340 steel by the potas-
sium would be expected to lower its creep resistance.

This effect was observed in creep experiments
on the air-hardening tool steel l-11 in 800 and 1000 F
liquid potaasium,(122) Little influence of the ex-
posures on creep rate was noted in short-time tests,
but long exposures resulted in accelerated creep,
Metallography of the specimens following long-~time
tests revealed pitting corrosion, decarburization,
and a surface coating, The accelerated creep !
is attributed to time-dependent losses in strength i
caused by heating near the tempering temperature, f
progressive decarburization, and mild corrosion. B

3,5,4 Haynes No, 25 (or L-605) Alloy
(50C0~20Cr-15W=~10Ni-3Fe=15i~ I1Mn)

Capsule and loop experiments indicate that
Haynes Alloy No. 25, while not completely
inert to potassium up to 1900 F, has good resistance
to corrosive attack. Test conditions for two Haynes
Alloy No. 25 thermal-convection boiling-putassium
loops run for 3000 hours at Oak Ridge( 19) gre in-
cluded in Table 3. 8. Highlights of the results are:

it k. s b
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liguid level in the 1600 F loop, were
atlributed to thermal fatigue resulting
from alternate surges of potassium
vapor and liquid because of unstable
boiling. Design of loops for stable
boiling should minimize this problem,

(2) Dissolutive attack of the walls was
evidenced by surface roughening (0.5
mil or less) in the boiler and weight
loss in the condenser. The latter was
equivalent to a uniform surface removal
of about 0, 1 mil in the 3000-hour period.

(3) Masas transfer was manifested by crystal-
line deposits on the subcooler walls -
noticeably heavier in the higher tempera-~
ture loop, Compared with Haynes Alloy
No, 25, these crystals were enriched
in chromium, nickel, iron, and man-
ganese, and depleted in. cobalt and
tungsten,

(4} In both loops, carbon was depleted from
the hottest portions of the boiler and
condenser walls and deposited in the
subcooler and preheater. For example,
surface carbon, originally 0,09 wt %,
dropped to 0,04 wt % in the 1800 F* con-
denser and increased to 0, 38 wt % in
the 1480 F' subcooler after the 3000-
hour exposure, These changes in carbon
content increased the strength about
10 percent and decreased the ductility
about 10 percent as compared with the
properties of control specimens which
were heat treated in vacuum or inert
atmosphere, A 0, 5-mil deposit in the
subcooler showed Cr23Cg and CrqCj,

(5) The higher temperature loop exhibited
less severe aging embrittlement and
fatigue cracking than the lower tempera-
ture loop.

These results were generally corroborated
by findings from an extensive General Electric
program involving 1250 to 1850 F' potassium in
Haynes Alloy No. 25 static capsules, refluxing
caplu(lel‘ and a thermal-convection (single-phase)
loop. {104¢:124) There are two major differences
between these tests and the Oak Ridge work:

(1) General Electric had no boiling instabilities,
and (2) their capsules and loop contained zirconium
or Cb-1Zr inserts as getters, Conscquently, the
General Electric loop did not develop fatigue
cracks, in spite of operating over 1000 hours and
then being given ten Z-hour thermal cycles be-
tween 1850 and 400 F and two cycles to room
temperature.
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Tha nhjnrﬁvn nf "nr\nr“ng ga'fnrﬂ waua tn
prevent carburization (and pussible embrittlement)
of the cooler zones of the Haynes Alloy No, 25, It
was found that essentially all of the carben and
nitrogen were removed from the Haynes Alloy No,
25 walls throughout the system and taken up by the
getters (Table 3,9), with no significant effects on
the strength or ductility of the Haynes Alloy No. 25,
Thus, it is feasible touse a Cb-1Zr or zirconium
hot trap in a potassium loop made of Haynea Alloy
No. 25,

Aging embrittlement of Haynes Alloy No, 25
from prolonged heating in the 1250 to 1750 F
temperature range, with or without exposure to
potassium, is considered to be a very serious
limitation of this alloy in practical heat-transfer
systems, The poor room-temperature ductility
of the aged material enhances the probability of
cracking during standby periods.

As a turbine nozzle or blade material, Haynes
Alloy No, 25 has good resistance to erosion by
1280 F' wet potassium vapor. This was demon-
strated by a 1679-hour test of Haynes Alloy No, 25
simulated turbine nozzles and blades in a Type 316
stainless steel loop, where the only damage ob«
served was a smooth shallow depression at the im-
pingement area of the wettest {83 percent quality)
vapor,

POTASSIUM BEARING MATERIALS

3,6 BEARING MATERIALS

Several studies have been undertaken to
evaluate materials for rubbing-surface applications
in space power systems where potassium is the
working fluid, (938,104b,109,125) 1, general,
screening tests using weight changes and metallo-
graphic examinatione as rating criteria have not
been very discriminating, because none of the
candidate materials underwent gross corrosion
under the test conditions {temperatures to 1600 F
and test periods to 1000 hours), Morec significant
perhaps, is the ability of a pair of mating materials
to reaist wear and frictional overheating when
lubricated by hot potasaium,

At Battelle, it was found that the presence
of reaction products of the type NayM, O, in the
form of surfacefilms can provide effective lubri-
cation and protection against grosa surface damage
of certain ?airu of materials rubbing together in
sodium, (1¢6) an investigation was carried out to
see under what conditions analogous beneficial
compounds form in potassium systems. 09) The
study employed differential thermal analysis to
tell (1) whether a particular material reacts with
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TABLE 3.9, OXYGEN, NITROGEN, AND CARBON TRANSFER TO ZIRCONIUM, Cbe~lZr, AND Mo-0, 5Ti
ALLOYS IN A HAYNES ALLOY NO, 25(3) CONVECTION LOOP CONTAINING 1485-1850 F
POTASSIUMIP) FOR 1309 1ouRs(124)

e sl Rl e

) Estimated “Eatimated “Estimated
0,,1¢) we 02 lnc-xaeau, N2 ,(C) wt% Nj Increase, C,(c) with C Increase
Material Initial Final 107" 1b Initial Final 10~41b Initial Final 1074 1b
zrld) 0, 065 2,46 0,030 0.58 0,006 1,31
Top 0,135 0,079 0.18
Bottom 0,43 0,134 0. 17
Cb-1zr(®) 0. 050 0,09 0.030 0.03 0,025 0. 34
Top 0,058 0,040 0.13
Bottom 0.101 Q0,043 0.15
Mo-0, 3T3{f) | 0.010 0. 006 0,001 0,003 0,035 0. 22
Top 0,011 0,002 0, 25
Bottom 0, 021 0,004 0,23

e e e e e e oremas e are e —
e —— e — ey

{a) Internal surface area about 133 in, 2 (including specimen); loop volume about 21,4 in, 3
(b) About 0,48 pound at 1850 F; alagged, filtered, distilled to <100 ppm oxygen, and hot trapped during loop
operation,
© (e) Average of two analysens,
(d) Two pieces, 3 inch x 7/8 inch x 1/16 inch, total surface area about 10,5 in, 2
{e) 3=1/8 inch x l=1/2 inch x 0,020 inch, total surface area about 9,5 in, i
{f) 3=1/8 inch x 1=1/2 inch x 0,006 inch, total surface area about 9,5 in, é
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potassium at temperatures to 1400 F, (2) if wo, resistant to galling, The performance of the .
at what temperature the reaction oceurs, and chromium-bonded alumina cermet could undoubtedly !
(3) whether the roaction is exothermic or endo- have been improved by increasing the proportion of
thermic and how strong it is. alumina in its composition, since it had mostly
metal phase in sliding contact during the tests,
The materials tested and the results are More alumina in contact would have provided im«
shown in Table 3. 10, It was found that oxides proved resistance to galling and surface damage.
of the form MO, , MOj, or M0, weare generally
too reactive to form stable, adherent films in the At General Electric, a program is in progress
predence of potassium, The MO types apparently to evaluate candidate materials fuor potassium-
did not react at all, and of the two M,05 types lubricated journal bearings. At the time of thia
examined (Y20, and Al,O3), Y03 did not react wilting, the results of corroaion, dimensional
and Al,O; formed what appeared to be suitable stability, thermal expansion, and hot-hardness
potassium aluminate surface films, teats on 14 candidate materials had been re-
' ported, (938,125) Additional properties being in-
The friction and wear resjstance of selected vestigated include compressive strength, modulus
pairs of materials were measured, using a of alasticity in compression, wetting characteristics
potassium-lubricated ball-on-plate sliding friction with potaseium, and friction and wear of selected
tester at temperatures from 400 to 1400 F.(109) couples in potassium and high vacuum. The candi- |
The materials tested and their sliding behavior date materials are listed in Table 3,12, ,
are summarized in Table 3. 11. Maost of the
materials were coated with a atable reaction- Table 3,13 shows the effect of exposing
product film when removed from the apparatus samples of these materials to high-purity potassiim
after exposure to potassium, and this {ilm pro- (<15 ppm O,, by mercury amalgamation) liquid
tected the surfaces from galling and reduced the and vapor for 1000 hours in Cb-1Zr capsules.
kinetic friction, Of the two commercial cermets, Posttest metallography showed no deleterious e{-
Maturials B and C, the one with the lower per- fects on any of the materials, except what appears
centage of metal binder (Material B} was more to be intergranular attack of the Zircoa 1027 and




T

71
POTASSIUM : /JH""?‘(‘R'I’NG MATERIALS

/‘
‘ TABLE 3,10, SUMMARY CF REACTION DATA FOR DENSE OXIDE BODIES EXPOSED TO POTASSIUM IN
DTA EXPERIMENTS(109)

Heating Reaction Extent of
! Rate, Temp, Reaction )
Specimen F/min F Exotherm, F Analytical Results and Comments

Single Oxides

MoO; 40 850, 1175 20 Several exotherms, 20 F maximum, some during
second run; body partially decomposed; reaction
formed K2MoO4 and Mo on the surface; KzMoOy,
Mo, and MoQ; detected beneath surface

T p——r - ——— e ——

R TiO; 20 740, 1075 15, 2 Products contained K2TiO3 and an unknown; body
. fragmented
! 3 Nb,05 20 765, 820, 40, 20, Several exotherms on first heating; body frag=
‘ | 840, 935 10, 10 mented; products included Nb
Taz0s 20 730=-1050 35 Body fragmented
ZrOz(‘) 20 200-850 7 Body undamaged but discolored; analyses showed

no change in composition except for increase in
‘ : potassium from <10 ppm to 2000 ppm; a potas=
sium zirconate probably formed

. Ale3(b) 20 320-890 1 Body undamaged; reaction products, if any, unw
; identified by X=ray diffraction
: A1203le) 20 300=1100 <1 Body undamaged; surface coated with a water
' ; soluble aluminum compound, presumably a
1 . potassium aluminate
:' A1203(b’ 20 780 <1 Body undamaged after DTA plus 200=hour exposuro

‘ to 1350 F potassium; suriace coated with a
i water=soluble aluminum compound, presumably
a potassium aluminate

' A1203(d) 20 - - Body undamaged; no reaction detectable by DTA;
‘ surfaces coated with a water=soluble aluminum
compound
A1203(°) 20 880-1100 2 Body undamaged; aluminum=potassium compound
detected on surfaces
} BeQ 20 - - Body undamaged; no evidence of a reaction
L MgO 20 800 <l Body undamaged; no evidence of a reaction
r $10, 20 400-1200 2 Body fragmented
ThO, 20 10001600 25 Body severely cracked; potassium compound on

surfaces, and overall potassium content in=-
creascd from <10 ppm to about 10,000 ppm

Y03 20 500 2 Body undamaged; no evidence of a potassium coms
pound formation
Mixed Oxides
85 wt%h NbyOg - 20 715 200 Body fragmented

15 Wt% TiOZ

SR i ARG Gt - it A A AP MR B o ey i ot
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TABLE 3,10, (Continued)
Heating Reaction Extent of
Rate, Temp, Reaction
Spccimen F /min F Exotherm, F Analytical Results and Comments

88 wt% 2r0;-

12 wt% Y203
CaO:+ 2r0Q;
MgO * Al,0;

99. 7 Wt% Ales'

0.3 wt% MgO

31A1;03 + 2810,

99, 5 witth Al,03°
0.5 wt% 510,

McO,.
(11 vol% Mo)

MOOJ
{7 vol% Mo)

MoQO3 {7 vol% Mo)

wO;
(8 vol% Mo)

w0,
(8 vol% Mo)

wo,
{3 vol% W)

MOOZ
{blended)

Molybdenum Fiber=Reinforced Oxide Bodies (Blended Before Bonding)

Mixed Oxides (Continued)

20 1400 1 Body undamaged; slight evidence of a potassium-=
zirconium reaction

20 - - Body undamaged; no evidence of a reaction

20 1200 <t Body undamaged; evidence of a potassium=
aluminate formation on surfaces

20 900 <l Bedy undamaged; very slight evidence of a
potassiume~aluminum oxide reaction

20 410 1 Body crumbled; strong evidence of potassium
aluminate and potassium siticate formations

20 660 <1 Surface cracks in body; strong evidence of
potassium alumirate, and slight evidence of
potassium silicate formations

40 610to 1170 20 to 15 Reaction of relatively extensive duration; body
severely decomposed

40 585 25 Reaction mild during cooling and second heating;
body swelled and decompoged; K;MoOy4, Mo,
and MoQO; formed

40 475 290 Body swelled and decomposed

40 600 100 Reaction apparently complete during first heating; :
body decomposed :

40 520 to 1010 220 Reaction of extensive duration; peak 4T at 820 F;
body decomposed

Tungsten Fiber-Reinforced Oxide Body (Blended Before Bonding)

47 750 to 990 165 Relatively mild exotherms during second heating;
body decomposed

Pressure=-Bonded Compousite Bodies (75 Vol% Mo Matrices)

40 670 16 Several small exotherms observed during four
successive heatings; body swelled; products in=
cluded K;MoQy4, Mo, and an unknown

/]

WOy (blended) 20 730 32 Body decomposed h
K;MoOy 20 - - No thermal activity observed; body swelled,

(infiltrated) cracked, lost weight

K:MuOy 20 - - No thermal activity observed; body swelled, {

(blended) cracked, loat weight :

|

i
, N
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POTASSIUM
TABLE 3, 10, (Gontinued)
Heating Reaction Extent of
Rate, Temp, Reaction
Specimen F /min F Exotherm, F Analytical Results and Comments
Preasure~Bonded Composite Bodies (75 Vol% Mo Matrices) (Continued}
KZWO4 20 - - No thermal activity observed; body swelled, lost

(Infiltrated) weight

KZWO4 20 - - No thermal activity observed; body swelled,
(blended) cracked, lost weight

Commercial Ai>O, Cermets (f)

23A1,03 - 20 700 <l Body undamaged; evidence of potassium aluminate
71Cr formation on and beneath surfaces

19A1,04 ~ 20 1150 1 Body undamaged; evidence of potassium aluminate
59Cr = formation on and beneath surfaces
20Mo=~2Ti0 2

15A1;03 - 20 850 1 Body undamaged; evidence of patassium aluminate
25Cr - 60W formation on and beneath suriaces

40A1,03 - 20 900 2 Body undamaged; evidence of potassium=-aluminum
60Mo and potassium-molybdenum compound formas=

tions on surfaces

Specially Fabricated Al,03 Cermet!8)

34A1504 - 20 200-900 1 Body undamaged; reaction indicated on second
heating in 300 to 500 F' range; considerable

53Cr =
13Mo evidence of potassium aluminate formation on
surfaces

(a) Stabilized with approximately 10 weight percent CaO,

{b) 99.8 weight percent Al203 =~ 0,15 weight percent MgO, large particles (~50 micron),

(c) 99.7 weight percent Al03 = 0, 1 weight percent K, small particles {~1 micron),

(d) Sapphire,

(8) 99.6 weight percent Al;03 = 0.3 weight percent Na,

(f) Compositions are given in approximate weight percents.

{(g) Two specimens were exposed = one in liquid potagsium, the other in potassium vapor, The reaction
data apply to the liquid=exposed specimen, but approximately equal amounts of the potaseium aluminate

compound were detected on each after exposure,
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TABLE 3,11, RESULTS OF SLIDING EXPERIMENTS iN VAGUUM AND POTASSIUM ENVIRONMENTs(109)

Specimenid’ Sliding Behavior at 1000 to 1400 F '

Ball Flat In Vacuum In Potassium
A A Severe galling and scoring Severe galling and scoring
A B Severe galling and scoring Severe galling and scoring
B B High friction; chipping of carbide Good boundary lubrication in potassium vapor
B Cc Good resistance to galling Good boundary lubrication in potassium vapor
B D Some scoring of alumina at 1400 F Good boundary lubrication in potassium vapor
D D Some galling and material transfer Good boundary lubrication in potassium vapor

at 1400 F

o c Galling and scoring of chromium Good boundary lubrication in potassium vapor

phase 1200 to 1400 F

(a) Specimen material:
A = Unalloyed, wrought molybdenum
B = 54TiC=6NbC=33, 3Ni=b, TMo
C = 77Cr=23A1,03
D = Polycrystalline o =aluminum oxide of over 99 percent of theoretical density,

TABLE 3,12, CANDIDATE BEARING MATERIALS(?3g)

Material Class Candidate Material Nominal Composition, percent
A. Nonrefractory Metals and Alloys Star J 1TW=32Cra-2,5Ni=3Fe-2, 5G=bal Co
B, Refractory Metals and Alloys Mo=-TZM (arc cast; 0,5Ti~0,08Zr=0,02C~bal Mo
stress relieved)
Tungsten (arc cast; 99.96W (minimum)
stress relieved)
C. Fe=Ni=Co Bonded Carbides Carboloy 907 74WC-20TaC=6Co
Carboloy 999 9TWC~-3Co
K601 84,5W-10Ta=5,5C
D. Refractory Compounds = Oxides, Lucalox 99.8A1,03 (minimum) - 0, 1MgO-0. 02
Carbides, Borides 8i0,~0,02Ca0~0,02Fe30
Zircoa 1027 95,5Zr0O2-bal proprictary
Titanium carbide 94TiC=4, 25WC=~0, 9Ni-0, 1Fe-0, 68Co
Titanium diboride 98TiB,-0, 39Fe=0. 30C
E. Refractory=Metal Bonded Carbides TiC+5W 90TiC~4, T9WC=5W=0, 36Fe
TiC+10Mo 85,4TiC=10,5Mo0-3,99WC=-0, 13Fe
TiC+10Cb 83,6TiC=9. 54Cb=5,85WC=-0, 73Co~
0,33Fe
Grade 7178 -
AMM_M re s ik, i ¥ IRR WY 1) o i amh -
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TABLE 3,13,

BEARING MATERIALS

DIMENSIONAL AND WEIGHT CHANGES OF SPECIMENS EXPOSFED TO POTASSIUM FOR
1000 HOURS AT 1600 F IN Cb-1Zr CAPSULES (125)

Maximum Maximum
Dimensional Weight Initial
Change,(b) Change,(c) Weight,(d)
Material(a) _percent mg g Remarks

Carboloy 999 -0, 151 -10,9 (L) 31. 6 Weight loss caused by migration of carbon to
capsule walls

Carboloy 907 +0. 290(e) - 3.0 (L) 30,5 Weight loss caused by migration of carbon to
capsule walls

Mo~T2ZM =0, 081 - 0.7 (L) 20.6 -

Tungsten =0, 044 - 0,4 (V) 39,5 -

Lucalox +0, 185 + 6,4 (V) 8.2 Surface reaction and possible formation of
KAlO,

Zircoa 1027 +0. 794 +23,3 (V) 11.9 Weight gain caused by reaction with K; color
change from*'red-brown to blue=black

K=601 +0, 083 11,4 (U0 32,9 -

TiC -0, 007 -~ 0,7 (L) 10,2 -

TiC=5W +0, 024 - 1,6(V) 10,7 Considerable porosity

TiC~10Mo +0, 024 -L3wi® e .

TiC=10Cb +0, 002 - 1,4 (V)0 10,8 -

Grade 7178 +0, 072 - 4,6 (L)D 29,7 -

Star J +0, 250 - 9,2 (L) 18.2 Growth due to aging reaction; weight change
from loss of carbon

TiB, -0. 028 + 1,5 (L) B.5 Considerable porosity

(a) See Table 3,12 for compositions,

(b) Nominal dimensions were 1/4 x 1/4 x 2 inches,

percent change occurred in a 1/4=inch direction,
(c} Specimens exposed to liquid (L) and vapor (V) were weighed, and greater change listed.
(d) To nearest 0,1 gram,
(¢) Growth thought to be from surface reaction with contaminated atmosphere after testing,
(f) Specimen edges or corners chipped,

In all cases except TiC and TiC=10Cb, maximum




P .i..._.._.“..‘ .

76

POTASSIUM BEARING MATERIALS

the generai surface reaction on the Lucalox, won-
siderable zarbide precipitation occurred in the

Star J, No significant changes in metallic-impurity
content of the potagsium were found following the
testa, except for some chromium and iron in the
potassium that was used with the Lucalox speci-
mens {presumably from impurities in the Lucalox).

In addition to the data shown in Table 3, 13,
information on the dimensional atability of these
materials at 800, 1200, and 1600 F was obtained
in high vacuum (10'9 torr), Zircoa 1027 and
Star J were the only materials to exhibit signifi-
cant dimensiunal changes after 1000 hours at
1600 F* (+0,4 and +0. 06 percent, respectively).
Only Zircoa 1027 showed significant dimensional
changes at the lower temperatures.

;
/“

LITHIUM GENERAL COMPATIBILI'I‘\"

4. LITHIUM

4.1 GENERAL COMPATABILITY OF
MATERIALS

Over the past few years, considerable in-
formation regarding the corroaion of metals by
lithium has been developed. A significant portion
of this information has been obtained on columbium-
base alloys, with the preponderance on the Cb-
1Zr alloy, The refractory metals exhibit goud
resistance to attack by high-purity lithium at
temperatures up to about 2200 F', Above this
temperature, data are sparse., The corrosion re-
sistance of the columbium-base alloys to lithium
is reduced by the addition of oxygen to the lithium,
the columbium itself, or the atmoaphere. Alloying
of the columbium with a small amount of an oxygen
getter, such as zirconium or hafnium, decreases
the sensitivity to oxygen contamination. The
solubilities of a number of materials in lithium,
were determined by Pratt & Whitney, 1 and
are shown in Figure 4,1, It appears that thesae
solubilities are rather limited and increase
slowly with temperature, The weight changes,
surface roughening, mass transfer, and grain
boundary attack which have been observed below
2200 F are generally attributable to impurity ef-
fects and to dissimilar materials in the system.
Figure 4, 2 indicates the corrosion resistance
to lithium of a number of potentially useful con-
tainer materials. \'*

Solubility, atomic percent solute

LITHIUM GENERAL COMPATIBILITY

Temperature. F
| 1700 @00 (800 1400 1300 1200
1 1 l I T
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Molybdenum
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10” ﬁ*‘i"
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FIGURE 4,1, SOLUBILITY OF SOME METALS IN
LITHIUM(128)

Nitrogen contamination 25 to 150 ppm
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FIGURE 4,2, CORROSION RESISTANCE OF
VARIOUS METALS AND ALLOYS TO
LITHIUM{128
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4.2, COLUMBIUM ALLOYS

4. 2,1 Compatibility - General

The corrosion of columbium alloys by
lithium is generally predicated on the presence
of oxygen either in solution in the lithium or the
metal, or existing on the columbium walls in the
form of an oxide {ilm or perhaps as an adsorbed
gas. In ungettered alloys and in some gettered
alloys with high oxygen contamination, the oxygen
rcadily combines with both the lithium and various
constituents of the columbium alloys to form com-
plex oxides, which are capable of dissolution in
lithium, In some cases, interstitial impurities
concentrated at the grain boundaries are pre-
ferentially leached out of the alloy, thus producing
grain-boundary penetration,

4,2.2 Unalloyed Columbium

Because of its availability, good fabricabi-
lity, and corrosion resistance to lithium as re-
ported by Pratt & Whitney(129) (Table 4. 1),
columbium has been studied extensively, How-
ever, later work indicated that lithium penetra-
tion could occur under the proper conditions.
Examination of a forced convection loog operated
at 1600 F for 23 hours at Oak Ridge 12
revealed general attack in the welded regions and
a random type of corrosion in other areas. These
results led to an extensive evaluation of the ef=
fects of impurities on the corrosion resistance of
columbium. Hoffman at Oak Ridge““) demon-
strated that the oxygen concentration in colum-
bium was a principal variable governing the ex-
tent of penetration by lithium, Additions of
oxygen, nitrogen, and carbon to columbium indi~
cated, as shown in Table 4,2, that the attack is
quite insensitive to the amounts of the latter two
interstitials.

The effect{128) of lithium penetraticon on
the mechanical properties of columbium is il-
lustrated in Figure 4.3, These results indicate
that, although the tensile strength of heat-treated
columbium increases and the ductility remains
essentially constant with increasing oxygen con-
centration, exposure to lithium results in a de-
crease in both tensile strength and elongation,
The columbium also displays a significant loss of
hardness upon exposure to lithium, as reflected
in Figure 4. 4. Itis apparent that the area in the
vicinity of the corrosion "front" exhibits a hard-
ness peak., Although the corrosion product could
not be identified positively, oxygen was found to
be a constituent, and it was conjectured that this
corrosion product consisted of a lithium-
columbium-cuxygen compound,
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Other test variables investigated include
temperature, time, grain size, heat treatment,
dcformation, and lithiun purily. Althvugh uxygen
is the controlling variable in the corrosion process,
other variables are also significant, With oxygen
concentrations in the columbium of less than 500
ppm (Table 4. 3), lithium penetration does not
occur under certain test conditions, At oxygen
concentrations above 500 ppm,temperature is the
predominant variable.

Oak Ridge(l28) gbserved that the rate of
lithium penetration of columbium proceeds rapidly
and reaches a maximum depth in less than a hour's
exposure over a wide range of temperatures, The
depth of attack is strongly dependent upon the same
variables which affect oxygen-removal rates, such
as grain size and initial oxygen concentration. No
difference in the depth of attack is observed at
1500 F in specimens containing 1000 ppm oxygen
for exposures from | to 500 hours, Chemical
analysis showed that oxygen removal continued uf:
to 100 hours, Comparison of hardness profilea 28)
(Figure 4,5) across the above specimens shows a
sharp gradient in specimens tested less than 100
hours,

Investigationu at Pratt & Whitney(“") indi-
cate that, although unalloyed columbium shows no
thermal-gradieny.nass-transfer effects in forced-
convection logys, its employment as a container
material for high-temperuature lithjum is seriously
limited by localized penetration corrosion., The
reaction of lithium with unalloyed columbium, con-
taining in excess of approximately 300: ppm oxygen,
results in attack along grain boundaries and the
{110} crystal planes. This is illustrated in
Figure 4, 6, Corrosion effects are noted in unal-
loyed columbium, unless the oxygen content of the
columbium is reduced below 50 ppm.

4,2,3 Columbiun-1 Zirconium Alloys

A substantial research cffort has been ex-
pended in studying the behavior of the colurmmbium-
zirconlum alloys in lithium., The majority of these
inveatLﬁ.tiona were conducted at Pratt & Whit-
ney, 129,132,133) 4, forced- convection loops,
and at Oak Ridge, {128,130,131,134,135) Almost
all of the data presented here on the Cb-1Zr alloy
were obtained from the ahove references,

Oak Ridge made syste. atic additions of
oxygen to the Cb-1Zr alloy at 1830 F and subse-
quently exposed the material to lithium for 100
hours at 1500 F'. Attack similar to that obtained
with unalloyed columbium was observed, although
heat treating at 2370 F eliminated this problem.

It was concluded that an oxygen-to-zirconium atomic
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SUMMARY OF REFRACITURY MELAL~LILTHIUM F URUED=UUNY KCLTION
LooP TESTs(129)

T Maximum Thermal Extent of
Temperature, Gradient, Velocity, Total Test Attack and
Material F F fps Time, hour Deposition
Titanium 14001500 200 13 1082 Light!a)
Zirconium 15001600 200 13 1070 Nit(b)
Columbium 1500-2000 200-400 10=-50 8233 Nil(c)
Tantalum 1500-1800 200-400 3-13 2261 Nil(b)
Vanadium 1600 400 13 1194 Nil
Mo~0, 5Ti 1500 200 13 694 Nil

e ———

et

(a) High nitrogen in pretest lithium,

(b) Carbide-nitride phase precipitate,
(c) Nitride deposits in early tests containing contaminated lithium,

80
/
.g %0 Heot treated In Argon /
for 100 hr ot 1800 F\,d
TABLE 4,2, DEPTH OF ATTACK AS A FUNCTION é 40
OF OXYGEN, NITROGEN, and CAR= .
BON IN COLUMBIUM EXPOSED TO £
LITHIUM FOR 100 HOURS AT §' 30 0~ Exposed 1o Lithium for
1500 F(131 & 100 hr of 1300 F
Maximum Depth % 20
of Attack, Initial Concentration, ppm &
mils Oxygen  Nitrogen Carbon 0 N
0 160 80 10 \T
1 500 80 30 ¢
3 650 80 30
4 1000 80 30 20 T
10 1720 80 30 - Heat trected in Argon
0 0 50 7 c “_\ |
0 60 600 7 g ® o -J:C' - -
0 60 1350 1 3 ?
0 40 60 500 e _ .
0 40 60 1000 H 10 Exposed o Lithium
&
5 8
"
0 \n
0 800 1000 (300

Oxygen Concentration, ppm

FIGURE 4.3. EFFECT OF INITIAL OXYGEN
CONCENTRATION ON THE ME-
CHANICAL PROPERTIES OF
COLUMBIUM FOLLOWING HEAT
TREATMENT IN ARGON AND EX-
POSURE TO LITHIUM AT 1500 F(128)

éﬁecimen thickness: 0,040 inch
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FIGURE 4.4, HARDNESS PROFILE ACROSS
COLUMBIUM SPECIMEN BEFORE
AND AFTER EXPOSURETO
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FIGURE 4.5. HARDNESS PROFILE ACROSS FIGURE 4.6, PHOTOMICROGRAPH OF TYPICAL
COLUMBIUM SPECIMENS FOL- LITHIUM ATTACK ON UNALLOYED ,
LOWING EXPOSURE TO LITHIUM coLuMBIUM(129) : ‘
FOR VARIOUS TIMES AT ‘ |
1500 F( LCCs-1, 1600 F zone; tested 177 ¢
hours. ;
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TABLE 4.3, LITHIUM PENETRATION OF COLUMBIUM CONTAINING
<500 PPM OXYGENY*“*/

Initial Oxygen ) Test Variables Depth of
Concentration, Temperature, Time, Pretest Attack,
ppm F hours Heat Treatment mils
150 1500 100 Annealed | hour at 1832 F in 0
vacuum
180 1500 100 Annealed | hour at 1832 F in : 0
vacuum
190 1500 i00 Annealed 1 hour at 1832 F in 0 '
vacuum .
200 1500 100 Annealed 1 hour at 1832 F in o i
vacuum :
250 1500 100 Annealed ) hour at 1832 F in 0 ‘
vacuum !
260 1800 100 Annealed 1 hour at 1832 F in 0 ‘
vacuum
290 1800 - 100 Annealed 1 hour at 1832 F in 0
vacuum .
330 1800 100 Annealed 1 hour at 1832 F in 0
vacuum t
410 1500 24 Annealed 2 hour at 3272 F in 0 :
: vacuum :
410 1500 100 Annealed 2 hour at 3272 F in 0
vacuum
450 1800 100 Annealed 2 hour at 2372 F in 2
vacuum
460 1500 100 Annealed 2 hour at 2912 F in 1
vacuum 3
500 1500 100 Annealed 2 hour at 2912 F in 1 ;
vacuum {
500 1500 500 Annealed 2 hour at 2912 F in 1 '
vacuum %
500 1800 100 Annealed 1 hour at 1832 F in 1,56 ;
vacuum ‘
— S — 1
ratio of 2:1 is required for good corrosion re- 4,2.4 Loop Tests of Cbh=1Zr ’
sistance, The basis for this conclusion is pre- !
sented in Table 4, 4. The oxygen-to-zirconium A summary of the results of operations of i
atomic ratio of &:1 corresponde to the stoichio- three thermal-convection loops at Oak Ridge(134) ! ‘
metry of 2rO, and leads to the postulation that is given in Table 4. 6. Interlocking tab-type inaserts
corrosion protection results from the formation were positioned around the loop to provide a com- :
of this oxide in columbium-zirconium alloys. plete weight-change profile of the digsolution and !
In all cases, annealing at temperatures from 1830 mass transfer of the alloy in lithium, All tests
to 4900 F is effective in stabilizing the oxygen in were conducted at a pressure of 10°8 to 1079 torr,
the Cb-1Zr alloy, Above 2900 F or in welding, The results of the tests indicated that in mono-
the ZrO, redissolves and the alloy becomes metallic systems, as in loop TCL-1R and TCL-3R,
susceptible to lithium attack., Pratt & Whitney“”) the principal interaction ia the leaching of zirconium
came to the same conclusions based on extensive and interstitial oxygen, nitrogen, and carbon from
work with the Cb-12Zr alloy, Table 4.5 lists the the walls in the highest temperature region. In the
results of studies on the effects of zirconium addi- dissimilar- metal loop (Cb-1Zr/TZM), a much
tions, They determined that a zirconium content greater weight loss was noted. A transfer of
of between 0,8 to 1, ¢ with an oxygen-to-zirconium columbium from the Cb-1Zr to the TZM, and a
ratio of i1 iy optimum, transfer of molybdenum from the TZM to the Cb-

1Zr was observed. Maximum transfer occurs, as
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TABLE 4.4, DEPTH OF ATTACK BY LITHIUM OF COLUMBIUM-ZIRCONIUM
ALLOYS AS A FUNCTION OF ZIRCONIUM CONCENTRATION,
OXYGEN CONCENTRATION, AND HEAT TREATMENT(128)

Test Conditions:

100 Hours at 1500 F,

Zirconium Oxygen Depth of Attack, mils
Concentration, Concentration, After Oxidation After Heat 'I'rearb ent
percent percent at 1830 F(a) at 2370 F!
0. 05 0.09 15 15(c)
0,05 0.18 25 25(¢)
0. 05 0.23 30(d) 30(d)
0.4 0. 09 15 0
0.4 ‘ 0.18 20 1stc)
0.4 | 0.23 30(d) s0lc)
\
0.6 L 0,09 10 0
0.6 L 0.18 20 [
0.6 to0.23 30(d) 25le)
0.9 0. 09 10 (
0.9 0,18 20 0
0.9 0.23 3o(d) 0
1.3 0. 09 5 0
1.3 0.18 10 0
1.3 0,23 25 0

(a) Specimen exposed to lithium after oxidation at 1830 F.,
(b) Specimen heat treated in vacuum for 2 hours at 2370 F following oxidation and

prior to exposure to lithium,

(¢} Oxygen=to=girconium atomic ratio was greater than 2,
(d) Complete penetration of 60=mil=thick specimen,

TABLE 4,5, EFFECT OF ZIRCONIUM ON LITHIUM ATTACK IN COLUMBIUM-ZIRCONIUM ALLOYSs(129)

I

Maximum Thermal Total Maximum Depth of
Zirconium Content, Temperature, Gradient, Number of Time, Corrosion Effect,
) F F Loop Tests hours mils Remarks
0, 001 1600 200 1 177 4,0 Unciad tubing
/ 2 447 7.5«10,0 Type 446 clad tubing
1800 200 2 390 1.5=3,0 Unclad tubing
) 3 182 5,08,5 Type 446 clad tubing
0,3 . 1600 200 3 750 Nil«2, 5 Type 446 clad tubing
0,8-1,2 ° . 1800 200 2 500 Nit Type 430 clud tubing
2000 400 i 2000 Nit Unclad tubing
2200 400 1 1550 Nil Unclad tubing
1.6 1800 200 1 250 Nit Type 430 clad tubi g
5.0 2000 400 1 343 Nit Unclad tubing

T ————

(a) Corrosion data are for wrought sections,
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LA, SUMMARY OF LITHIUM THERMAL=CUNVEUTIUN-LOUP TEST CONDITIONS
AND RESULTS AFTER 3000 HOURS OF OPERATION(134)

U

Loop Number

TCL-IR TCL=2R TCL«3R (D=-43)
(Cb=1Zr) {Cb=125/TZM) (Cb=10W=-1Zr~0, 1C)
Maximum Hot-Leg Temperature, F 2170 2210 2190
Minimun Cold Leg Temperature, F 1970 19490 1885
Calculated Flow Rate, ft/min 10,6 7.5 7.5
Maximum Weight Loss, mg/cm2 0.34 4,49 0.15
Maximum Weight Gain, mg/cm 0,78 2. 69 0.21
Total Weight Loss, mg 99 810 37
Total Weight Gain, mg 87 626 17
Chemical Analyses, ppm
Before After Before{®) After(a)
Test Test Test Test
Hot Leg
Oxygen 81 10 20 32
Nitrogen 50 11 ? 11
Carbon 80 50 30 50
Zirconium!(®) 1 1/2
Cold Leg
Oxygen 81 26 20 33
Nitrogen 50 3lo 7 22
Carbon 80 130 300 240
Zirconium(h) 1 5
Muos Transfer Deposits ZrN ZrN, Nb None
(a) Surface analysis of Cb-12r,
(b) Analyses for TZM only,
would be expected, in the hottest protion of the T T T T T T 1771
loop, Exchange of carbon and oxygen was ob- ~ "[“Je~Fill and surge tonk
served in both the hot and cold legs between the E 0.8 T L
Cb-1Zr tube wall and the TZM alloy inaerts. A P 06 Heot Shistded /
weight-change protile“35) for the Cb-12Zr loop E removol Tantalum
TCL~IR is shown in Figure 4.7. This loop was 5 0.4 aysteim tube heater
operated for 3000 hours at about 2200 F. Figure é
4,8 illustrates the weight-change profile for the & 02 4
Cb-12r/T2ZM loop (TCL-2R), which was also © 0 _ X
operative for 3000 hours. E
.
The following results were obtained by Heated Tenath
Pratt & Whitney“ 2) and summarize their loop -0.4 __A'.j “T' - ] Cole«i I'ﬁmh

operations between June, 1962, and June, 1965,
All tests were conducted in an inert-atmosphere
chamber, Helium with less than 1 ppm total im=
purities wae used as a cover gas, The Cb-1Zr
loops were wrapped in tantalum foil to further
protect them against atmospheric contamination,
Figure 4.9 illustrates schematically the loop de-
sign used extensively to evaluate a large number

0 0 20 3Q 40 %0 60 7
Oistance From Bottom of Hot Leg, inches

FIGURE 4. 7. WEIGHT-CHANGE PROFILE FOR
LITHIUM Cb-1Zr THERMAL-
CONVECTION LOOP (TCL-1R){135)
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§ \ 4 -;
= Flll ond surge tonk i
E o /
% ;
-1 .
£ I .
(8]
: \ /
g \
-3 \
‘\ _'.-lm r ul I tem
- emoval sys ]
4 NG/ T rereve o
- Heated length Cooled length
-8 r—nrm— | |
o} 10 20 30 40 80 60 70
Distance From Bottom of Hot Laeg, inches
FIGURE 4,8, WEIGHT-CHANGE PROFILE FOR
LITHIUM - TZM - CB-1Zr THERMAL-
CONVECTION LOOP (TCL-2R){135)
== "'i ' Specimen removal rod
: [~—Surge and specimen removal system
I |
e Shaft seol
[ ]
|
l = e Halium
Vacuum valve — Vacuum
’
Inert-atmosphere
chamber roof w— Helium
N
Cooler Lithium flow Cb-SS flange ond
seal joint ———
T E.M. pump
Helium flow ']_/Surqo tank
\ ~ ]

|_~Spacimen holder

Sump fank

FIGURE 4.9.

Lithium flow down - ||

through specimen tube

Surge and specimen removal system

COLUMBIUM-LITHIUM ALLOY EVALUATION Loopt133)
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TABLE 4.7, TUBE BURST AND CHEMISTRY DATA FROM SPECIMENS EXPOSED TO LITHIUM IN
THE Cb=1Zr ALLOY LCCDB-1 LOOP(132)

- " Depthof Full-Wall Post-
Sample Time to Mechanical=Test
Test Analyzed, Analysis, ppm Rupture, Percent _Analysis, ppm
Specimen gnd Treatment nditions mils o] N [o] houre Growth cC-. N Q
XM=1088 (Ch=1Zr~0, 06C) Control OoD-5 785 75 160 875 530 95 80
2900 F, ) hour §=10 700 60 300
2200 ¥, 2 houra 10=15 665 15 220
15«20 640 95 190
20-1D 580 75 145
Argon, OD«5 800 45 435 383 490 530 50
2200 7, 5«10 585 35 250 389 570 840 50
1000 10-15 495 40 610
hours 15=20 495 60 340
201D §30 160 230
Lithium, OD=5 860 200 78 241 241 470 208 100
2200F, 5=l 510 220 75 288
1000 10=1% 485 220 85
houra 15=20 625 300 165
40=ID 540 340 110
Lithium, OD=}% 580 188 2
2200 F, b=l 690 165
200 10=-158 610 165 55
hours 15=20 660 165 80
20=ID 560 185
PWC=33 (Cb=32r-0, 3C) Contral OD~5 3080 85 100 697 42 3400 630 108
XM=1063 Heat Code 5«10 390 120 90 399 41
PMFT, 2200 ¥, 2 hours, 10=15 3160 135 145 3060 130 105
cold swage from 0, 312 15=20 3180 95 145
OD to 0,304 OD 20=1D 3210 185 158
Lithium, OD=5 2828 110 173 26 3500 760 220
2200 F, 5-10 3160 770 105 847 34 3500 720 320
1000 10«15 3300 860 120
hours 15-20 3290 900 125

20~25 2880 810 110

SRS e

TABLE 4.8, LITHIUM COMPATIBILITY OF OXYGENATED Cb=l1Zr=0, 1C
ALLOY AFTER 50 HOURS OF EXPOSURE!!33

Test
Temperature, Oxygen, ppm Carbon, ppm
¥ Pretost Posttest Pretest Posttest Metallographic Examination
2000fa) 500 230 400 400 Complete Intergranular ate
tack
2000(b) 1000 480 700 700 No lithium penetration
2200(b) 2100 980 600 500 No lithium penetration

(a) Specimen exposed in the as=-quenched condition,
{b) Specimens heat treated at 2200 F prior to test,
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500X Lithiurn Interface
Protest: Argon Soak, b, Posttest: Lithium Flow, ¢, Posttest: Lithium Flow,
1000 Hours 1000 Houtrs 200 Hours

FIGURE 4. 10, EFFECT OF 1000 AND 200 HOUR, 2200 F ENVIRONMENTS ON
Cb-12r-0.06C ALLOY(132)

Etchant: 10H;0, 5HNO,, 2HF,

Specimen History :

)

oo~

Effective Stress, 000 psi

| P" hOUl’, 2900 F g %38:;:' B
2 hours, 2200 F A Lithium
1000 hours in 2200 F
lithium or argon
| |
0 100 1000 10,000

Time to rupture, hours

FIGURE 4. 11, (Cb-12r-0, 1C) ALLOY 2200 F STRESS-RUPTURE
rESTS(133)
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TABLE 4.9, SUSCEPTIBILITY OF OXYGEN-CONTAMINATED COLUMBIUM
ALLOYS TO CORROSION BY LITHIUM(135)

Attack by Lithium at 1500 to 1830 F Critical

As Contaminated After Heat Treatment Oxygen Level,(")
Alloy - at 1850 F at 1850 F _ppm
Ch=40V Yes Yes 5001000
D=43 Yes No 2400
B-66 Yes No 2700
FS-85 Yes ves!®) 1900
Chb-752 Yes No 3000

—eteas ————m—

(a) Level above which heat=treated alloy is not resistant even after heat
treatment, '
(b) 2900 F heat treatment gave corrosion-resistant alloy,

- TABLE 4,10, RESULTS OF SCREENING TESTS
ON COLUMBIUM ALLOYS AFTER
250 HOURS IN FLOWING 1800 F

LITHIUM(129)

Composition Resulta
Cb=20Ti=52r Good corrosion resistance
Cb=20Ti=5Co Good corrosion resistance
Ch=20Ti=5Cr Good corrosion resistance
Cb~=20Ti=5Ni Good corrosion resistance
Cb=10T% Good corrosion resistance
Cb=1Zr=1Ti=1Y Goond corrosion resistance
Cbel2r Good corrosion resistance
Ch=5Z» Good corrosion resistance
Chb=502r«5Ti Good corrosion resistance
Cb=15Ti=5Al Cood corrosion resistance
Cb=5Mo Slight Attack

Cb=33Ta Slight Attack

Cb=10W Slight Attack

Cb=2A1=2V Good corrosion resistance
Cbh=4Al1-4V Good corrosion resistance
Cb=-bAl=6V Good corrosion resistance
Cb=5Mo=2Ti=2Zr Good corrosion resistance

TABLE 4,11, SCREENING TESTS IN FORCED CONVEC-
TION LITHIUM LOOP FOR 250 HOURS(129)

Temperature,

Composition F Results
Cb«20Ti=52r 2000 Excellent resistance
Cb«20Ti=5Co 2000 Excellent resistance
Cb=20Ti=5Cr 2000 Excellent resiatance
Cb~20Ti=5Ni 2000 Excellent resistance
Cb~8Ti{ 2000 Excellent resistance
Cbe5Mo=2Ti=22r 1600 Excellent resistance

2000 Excellent resiatance
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of different materjals and to expose tubular speci-
mens for mechanical-properties studies. With
this type of expcrimental apparatus, Cb-1Zr was
proven to have adequate corrosion resistance to
2200 F lithiumn, Pratt & Whitney(13¢) operated
guch loops up t6°5000 hours in 2000 F lithium,

Attempts to both® improve and strengthen
the Cb-1Zr alloy, by alloy-development, were
made at Pratt & Whitney. In the loop shown in
Figure 4,9, tubular specimena‘wg_re exposed for
1000 hours, removed, and burst tested in 2400 F
lithium. The results for two alloys, Ch-1Z4r-
0.06C and Cb-32r-0. 3C, are summarized jn
Table 4.7. These results indicate that there is a
slight reduction of rupture strength resulting
from a 1000~hour, 2200 F thermal treatment in
an inert-gas environment, There was no signifi-
cant change in rupture strength due to interaction
with lithium. The Cb-3Zr-0,3C alloy,after 1000
hours in 2200 F flowing lithium, experienced
inside diameter and outside diameter depletion to
0. 6 mil maximum, recrystallization of surfaces
to depths of 6 to 8 mils and a very slight decrease
in hardness at the surface (107 DPH versus 113
DPH in the center of the wall), The 200-hour
Cb-1Zr=0, 06C alloy exposed to lithium experienced
surface and maximum grain-boundary second-
phase depletion to 0, 5 mil as seen in Figure 4,10,
No attack or hardness gradients were apparent,

The phases present in the poattest materials
were identified as (Cb-Zr)C with 47 mole percent
zirconium in the specimen exposed for 200 hours
and 62 mole percent zirconium in the 1000-hour
specimen, The apparent difference in structure
is due to sample preparation and etching, and {s
not a different phase.

A second-generation columbium alley Cb-
1Z2r-0. 1C was studied oxtensively at Pratt &
Whitney, The carbon addition was made for the
purpose of strengthening the basic Cb-1Zr alloy,
In this alloy the carbon is precipitated as a mixed
Cb-Zr carbide, which in its stabilized form is
body-centered cubic, Specimens oxygenated at
2400 F* and quenched from 3500 F show complete
intergranular penetration by classical lithium
attack. Stabilized specimens (2 hours at 2200 F
after quenching) are not attacked. This behavior,
as shown in Table 4, 8, is similar to that obwserved
in the Cb-1Zr alloy. The creep-rupture results
are shown in Figure 4. 11 and indicate thatthere
is little or no reduction in rupture life due to
lithium exposure, :

The Cb-1Zr systems have been demonstrated
by Pratt & Whitney and Oak Ridge to be highly
resistant to attack by lithium up to 2000 F, when
the Cb-1Zr 18 in the stabilized condition. Pratt &
Whitney conducted an estimated 3000 tests which
included capsule, stress-rupture, creep, dynamic

LITHIUM COLUMBIUM ALLOYS

loop, full-scale pressure veascia, and « 2020 P

10,000-hour nonnuclear system test to establish
this corrosion resistance of the Cb- 1Zr alloy,

4, 2.5 Miscellaneous Columbium
Alloys

There has been a minor amount of work on a
number of other columbium-base alloys, Oak
Ridge“35 conducted a series of static tests on
advanced columbium alloys, Ch-40V, D-43 (Ch-
10W-12r-0.1C), B=66 ({Cb-5Mo-5V~12r), F5-85
{Cb-27Ta-11W=-12r), and Cb-752 (Cb-10W-2, 52r),
The tests were conducted for 100 hours at 1830 F,
and the results are summarized in Table 4,9, The
corrosion behavior exhibited is characteristic of
Cb-1Zr, That is, alloys that were not heat treated
following oxygen doping at 1830 F exhibit attack
in the form of a Widmanatatten corrosion even at
930 F', with heavy intergranular attack at 1830 F.
Heat treatment in the 2370 to 2900 F temperature
range prior to exposure eliminates the attack by
the lithium, The B-66 alloy was exposed in
static corrosion testas to 2500 F lithium (ina TZM
corrosidn capsule) with no arparent attack in
100 hours, At Battelle,“36 exposure under the
same conditions at 2800 F produced heavy grain-
boundary penetration and surface attack,

Pratt & Whitney“") conducted screening
tests on a large number of columbium alloys in &
Cb=-1Zr thermal-convection loop at 1800 ', The
alloys studied and the results are shown in Table
4.10. Theuse results indicate that binary alloys
with molybdenum, tantalumn, and tungusten exhibit
lithium corrosion behavior equivalent to that of
unalloyed columbium, The other alloys showed
somewhat improved corrosion resistance, Solution
attack increased with increasing chromium content
when concentrations exceeded 17, 5 weight percent,
The results of forced-convection-loop tests con-
ducted on the more promising alloys are shown
in Table 4.11. All of these materials showed good
resistance to lithium attack. No further work was
done with these alloys,

LITHIUM TANTALUM

4.3 TANTALUM

There have been very few recent studies un
the corrosion behavior of tantalum and tantalum
alloys. Tantalum behaves in a manner similar
to columbium. A stable oxide former such au
hafnium is necessary to produce corrosion re-
siatance,

(136)
These

Studies were conducted at Battelle
Ta-12W and Ta-8W-2Hf (T-111) alloys.
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teate wars narfnemad in o dieaimilas mota] 2yz
tem utilizing TZM as the corrosion capsule,
the Ta-12W and Ta-8W-2Hf alloys exhibit surface
disaolution and grain-buundary penetration after
100 hours at 2500 F. Surface dissolution is
severe after 1000 hours at 2500 F,

Pratt & Whitney“'n) performed compatibi-
lity tests on T-111 alloy in flowing lithium for at
least 1000 hours. The results of these tests
showed no measurable corrosion rate during the
test period. Also, there does not appear to be a
deleterious effect on the astreas-rupture proper-
ties of T-111 alloy due to lithium exposure,
Figure 4,12 illustrates this latter effect.

10 -
. ey
2 T~ 0ad
Specimen History: )
é_ 2 hours , 2200F Q Canteal
g 1000 hours in 2200 F lithium or
F-4 orgon
(7]
% 1
b
10 100 1000 10,000

Time to rupture, hours

T-111 ALLOY 2400 F STRESS-
RUPTURE TEsTs(133)

FIGURE 4. 12,

LITHIUM MOLYBDENUM ALLOYS

4.4, MOLYBDENUM ALLOYS

Until recently, widespread interest in
molybdenum compatibilit! with liquid lithium haa
been lacking. Battelle(136) conducted a number
of 1000 to 3000-hour static corrosion experiments
in lithium over the temperature range from 2500
to 3000 F. The alloys investigated were TZM
{Mo-0.5Ti-0.08Zr) and (Mo-50Re), and neither
alloy showed evidence of attack in this tempera-
ture range for exposures up to 1000 hours,

The TZM alloy showed further resistance to cor-
rosion by static lithium for periods of 3000 hours
at 3000 F. Currently, studies are in progress
at both Oak Ridge and Brookhaven on TZM and
(Mo-0,.5Ti) to shed further light on the corrosion
behavior of molybdenum alloys in liquid lithium.,

Both

LITHIUM TUNGSTEN ALLOYS AND

RHENIUM

As with molybdenum, only a limited number
of studies, conducted principally by Pratt &
\lb’l‘xitrun,r“5 ) and Battelle,““” have been reported
concerning the compatibility of tungsten alloys
with lithium, The Battelle studies, summarized
in Table 4. 12 indicate that all of the tungsten alloys
investigated exhibit good resistance to attack by
lithium at 2500 F. Also, after 1000 houre of ex-
posure at 2800 F, W=15Mo and W-10Re showed
only slight surface dissolution, while unalloyed
tungaten, W-0,9Cb, and W-25Re exhibited some
surface dissolution and grain-boundary penetration.

TABLE 4.12. LOWEST TEMPERATURE AT

WHICH ATTACK BY LITHIUM WAS
OBSERVED(a)(136)

Temperature, F

Material 100 Hours 1000 Hours
w 3000(P) 2800(e)
W=0,9Ch 3000 2800(e)
W-15Mo Nale) 2800(b)
W-10Re NA 2800(b)
W-25Re NA 2800(e)
Re 3000(d) 2500(d)

——
——

(a) Specimen was exposed to lithium in TZM cap=
sule at 2500, 2800, and 3000 F,

(b) Slight surface dissolution,

{c) No attack at 3000 F,

{(d) Mass tranafer from corrosion capsule,

{e) Surface dissolution and grain«boundary'
penetration,

Pratt & Whitney(”z) conducted loop tests on
the W-25Re alloy at 2200 F. Moetailographic
examinations of the tubing walls, although re-
vealing sigma precipitation along the grain bounda-
ries, showed no evidence of attack after 1000 hours
of exposure to flowing lithium,

The Battelle investigation further showed that
rheniurm also was not attackad by lithium, but
picked up molybdenum from the TZM capsule, In
these rheaium tosts, there was no apparent sur-
face dissolution ur other attack due to lithium,
Metallographs showing the mass-transfer eifect are
presented in Figure 4.13.
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4.6 JRON-BASE ALLOYS

Pratt & Whimey”) conducted extensive tests B
on commercially available fesrous alloys in forced- ;
convection corrosion loops, These results, sum- :
marized in Table 4,13, indicate that pure iron and
austenitic stainless steels are unsuitable in the w
1300 to 1500 F temperature range. These materials
exhibit severe solution corrosion, appreciable inter-
granular attack, and thermal-gradient maas trans-

fer,

#.

N .
% . B The temperature dependence of solution cor- §
vk : : L . rosion and mass transfer was evaluated in a series ]
P e o of Type 316 stainleac steel loop testa. At a maxi-
& : mum circuit temperature of 1100 F and a 200 F

T ——app—

250X RM-39362 thermal gradient, Type 316 stainless steel appears
a, 100 Hours to be suitable for limited service. Only moderate
attack and slight muas-transfer deposition were

b
;‘ 5 Mo-Re sigma phase was present, This was observed in 250~ and 1000-hour tests, Data for
P due to mass transfer of molybdenum, these tests are summarized in Table 4,14,

LITHIUM NICKEL-BASE ALLOQYS

4.7 NICKEL-BASE ALLOYS

Nickel-base alloys undergo severe solution
attack and raass transfer, rendering them com-
pletely unsatisfactory for liquid-lithium service
in the temperature range from 1200 to 1300 F,
These results were corroborated by tests con-
ducted at Pratt & Whitney,“z as presented in
Table 4,15, As can be seen, Waspalloy, Inconel,
and Haynes Alloy No, 25 experience this type of

behavior,

: ¥
250X RM-41449 j
b, 1000 Hours s
Note large zones of the surface, These . 3
two zones are due to molybdenum maus ;

transfer,

’ ﬁ FIGURE 4,13, MICROSTRUCTURES OF RHENIUM

EXPOSED TO STATIC LITHIUM
AT 3000 Fi136

The photographs were reduced
! ) approximately 20 percent in
printing.
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TABLE 4,13, RESULTS OF IRON AND STAINLESS STEEL FORCED~
CONVECTION LOOP TESTS WITH 1500/1300 F
LITHIUM(!29)
Deposits
Time Maximum Depth of Maximum Thickness, Weight, Number of
Alloy hours Attack,(a) mils mils grams Loaps
Iron(® 108-138 Nil 12,5-15,0 1. 3-3.0 2
2,0-4,5 aqw
Iron 138-187 Nil=0, & 14,0-18.0 6. 0=6,6 2
5,0=6,6 Aw
Type 316 52=155 1.0-4,5 IG 34,2-41,0 6.0~11,0 4
! 5.9~8.5aw
Type 304 105-138 1.0=5,0 1G 18,5«20,0 4,0-4,6 2
. 3,8-6,0 0w
Type 310 64~96 3,0-4,0 10 19,5-24.0 5,9=6,2 2
2,2-4,7 Aw
Type 321 69=-200 Nil=g, 0 IG 25,0-32.0 8,5-10,0 2
: 6,2+6,4 Aw
Type 347 824150 0. 5=0,6 1G 33,0-40,0 3,5-9,8 2
41 34, 9 Aw
{a) IG r intergranular; A w & ppparent solution attack, decrease in wall thickness,
(b) Titanium getter in lithium flow stream.
- TABLE 4,14, RESULTS OF TYPE 316 STAINLESS STEEL-LITHIUM FORCED=-
CONVECTION=-LOOP TESTS(129)
R ‘V
Maximum
o . Depth of Maximum Number
Temperature Time, - , Attack,(b) Thickness, Weight, of
Range, F Hours '’ Velocity, fps mils mils grams Loops
1100/900 250 © 25,0 4,0 1,0 Ni1 2
. 1,0«2,0 aw
1100/900 1000 25,0 2,0 6,0 0.15% 1
2,0=2,5 aw
1200/1000 250 15,0 0=1,01G 15,0=~21,0 1,5=-1.8 2
7.,0-4,0 Aw
1400/1200(D) 161-250 13,0-21,0 1,2=1.5 14,0-24,0  Not weighed 2
2,6=3,2 ow
1400/1000(%) 177250 10,0-13,0 151G 13,0-19,5  Not weighed 2
2,3=4,5 Aw
1400/1000 129«250 5.0-13,0 0.4=2,5 1G 11, 0-27,0 Not weighed P
1,4=2,9 Aw
1500/ 1300(>) 193 13,0 1,0 G 49,0 Not weighed 1
6. 0=6,5 bw
1800/1 300 52/155 13,0 1, 0«4, 5 1G 34, 2=41,0 6,0«11,0 4
3,9=8,5 bw
1600/ 145.0(b) 15 13,0 9.2 1G 46,5 Not weighed 1
2,8=4,2 bw

(a) 1G = intergrannalr;

(b) Titandum getter in flow stream,

4w o apparent solution attack, decrease in wall thickness
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£ 4,16, BESIHI TR OF LITHIIM CORROSION TESTS ON NICKEL-CONTAINING ALLOYS(!29)

TAZL A
Conditions
Temperature Time,
Material Type of Test Range, F hours Resulte
Waspalloy Forced~convection loop 1500/1300 3 Terminated because of
severe mags trans=-
fer
Inconel{2) Natural-convection loop 1600/1200 100 Terminated because of
1600/1500 72 severe mass transa=
1600/1400 5 fer
Haynes Alloy No, 25 Tab in natural=- 1600/1350 245 =109 mg/cmZ - 100
convection loop hour (l'ype 316 con-
trol: =16 mg/cmé -
100 hour)
(a) Two percent aluminum added to lithium,
- CESIUM INTRODUCTION CESIUM ) NICKEL-BASE ALLQYS

5. CESIUM

5.1 INTRODUCTION

There are two primary applications for
cesium in power systems: (1) as a working fluid
in ion engines, and (2) to dissipate the current-
limiting sapace charge in thermionic generators.
Coslum could also be utilized in magnetohydro-
dynamic generators to seed an inert gas, like
helium, and thus provide a high-temperature-
conducting fluid stream for cutting lines of mag-
netic flux to generate a current. Most of the
cesium corrosion studies conducted to date have
been directed toward these applications,

CESIUM NICKEL-BASE ALLOYS

5,2 NICKEL-BASE ALLOYS

The sparse amount of corrosion testing
completed on nickel-base alloys in cesium has
been limited to relatively low temperatures and
short periods of time, For example, it has been
shown(137) that unalloyed nickel and Ren€ 41 are
both unaffected by liquid cesium for up to 500
hours at 750 F, Likewise, Inconel X is not at-
tacked severely by cesium liquid or vapor at 1600
F, although decarburization and leaching of pre-
cipitates were observed in static cesium cap-
sules after 720 hours, Ni-Span c(139)

(Ni~40Fe~5,5Cr-2,. 5Ti) suffers no noticeable sur-
face attack upon exposure to cesium vapor at

1200 F-for 1000 hours, but it too loses subsurface
precipitates. In addition, the cesium causes it to
lose sorne ductility and yield strength, The effects
of cesium on several nickel-base materialea are
summarized qualitatively in Table 5, 1,

CESIUM IRON-BASE ALLOYS

5.3 IRON-BASE ALLOYS

Unalloyed 1ron{149) ang many steels(137-140)
are generally unaffected by cesium, The majority

of the steels do, however, lose carbon to the cesiuin,

There is evidence presented by TR o sug-
gest that the stainless uteels experience liquid-metal
embrittlement, This embrittlement is not catas-
trophic and is reversible in the sense that if the
cesium is removed, the effect disappears. They
also present stress-strain curves (Figure 5, 1)
which suggest that the yield strength is lowered if
the material is wetted by cesium. Data presented
in Table 5, ¢ indicate similar results for Type 430
stainless steel as well as a number of other mater-
ials, These results are presented as observations
rather than conclusions because of the limited data
available, However, they do suggest that cesium
can serve as a surface-active agent and cause
stress-corrosion cracking in some materials,

A =

o o 2

i
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LITHIUM NICKEL-BASE ALLOYS

TABLE 5.1. CORROSION OF NICKEL-BASE MATERIALS IN CESIUM

— i e

Temperature, Time,
Material F hours Results Remarks Reference
Nickel 750 500 No apparent attack Cesium vapor 137
750 500 No apparent attack Cesium liquid
""A" Nickel 1380 1000 Surface grayed, no ap- Cesium vapor 140 .
parent attack ‘ *
Rene 41 750 500 No attack ' Cesium vapor 137 1
750 500 No attack ' Cesium liquid
Inconel X 1600 720 Slight attack, cesium Liquid cesium 138
leached carbon from
- Cod surface and regions ad=-
jacent to grain boundaries
LITHIUM ' IRON-BASE ALLOYS
130
100 = Unwetted
L)
‘@
-3
§ 60
2 {
g 40
@ Strain rate, 0.5 in./min 1 ‘
20
0 Il ] 1 |
0 0.1 Q.2 0.3 X 08
Stain, inch

FIGURE 5.1, ROOM-TEMPERATURE STRESS-STRAIN CURVES
FOR TYPE 302 STAINLESS STEEL(139)
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short exposures at temperatures up to 1600 F,

bility data pertaining to several iron-base alloys
in cesium. These materials apparently do not

TABLE 5,3, CORROSION OF IRON-BASE MATERIALS IN CESIUM

Temper:tﬁg, Time, =
Material F hours Results Remarks Reference
Iron 1600 1000 No attack Cesium vapor 140
= 5 17-4PH 750 500  No attack Cesium vapor 137
i 750 500 No attack Cesium liquid
AM=350 750 500 No attack Cesium vapor 137
750 500 No attack Ceslum liquid
p Type 416 S8 750 500 No attack Cesium vapor 137
_ 750 500 No attack Cesium liquid
Type 304 88 1600 1000 No attack Cesium vapor 140
Type 310 S8 1600 720 Slight carbon 138
. transfer from
L ‘ stainless steel
o to cesium
S
'fl |
é‘ ,: CESIUM. REFRACTORY METALS CESIUM REFRACTORY METALS

(GENERAL) (GENERAL)

5,4 REFRACTORY METALS
(CENERAL)

Pratt & Whitney(143) conducted a number of
tests in which various refractory metals were ex-
posed to cesium vapor for 300 hours at 1600 F,

By far the majority of the published in-
formation regarding cesium corrosion relates to
refractory metals, which are generally resistant
to attack by static cesium vapors at temperatures
aus high as 3000 F, (137,138, 141) However, at
3400 F, tungaten-base materials do undergo sur-
face dissolution and intergranualr attack.
Excessive oxygen, elther in the cesium or in the
refractory metals, is known to aggravate cor-
rosion, Unfortunately, the lack of proven snalyti-
cal techniques for oxygen in cesium and the
scarcity of systematic corrosion data make it
possible to state precisely what conastitutes
"excessive! oxygen.

All of the refractory metale exhibit a finite,
although limited, solubility in liquid cesium.
Very few quantitative solubllity results are cur-
rently available. Measurements made by MSA
Research, on Cb=12Zr and Mo-0. 5T alloys,
are summarized in Table 5. 4, and indicate that
neither material is appreciably soluble in cesium,

Chemical analyses were performed, wfter exposures
in both cesium vapor and vacuum, to determine
what effect cesium might have on the carbon, nitro-
gen, oxygen, and hydrogen contents of the alloys,
The test results, summarized in Table 5,5, indi-
cate that exposure to cesium caused no significant
changes in interstitial content of the materials
studied,

CESIUM COLUMBIUM-BASE ALLOYS

5.5 COLUMBIUM-BASE ALLOYS

To date, most of the corrosion testing of re-
fractory metals in cesium has been done on
columbium-base alloys. The results(l38,141,143)
of simple static tests In cesium vapor are summarized
in Table 5.6, For short exposure times, columbium
and columbium-base alloye do not experience mea-
surable attack up to temperatures as high aa 2800 F,
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CESIUM REFRACTORY METALS
(GENERAL)
TABLE 5.4, "SOLUBILITY" OF METAL SPECIES IN 2500 F C Esjum{14)
Metal AnalySis,
Alloy Temperature, F Equilibration Time Sampling Crucible ppm
Mo-0,5T1i 2500 5 minutes Cb-1Zr Mo - 10
Ti - <5
Mo-0,5Ti 2500 14 hours Chb~12r Mo =~ 25
Ti - 100
Mo-0.5Ti 12500 110 hours Cb-12r Mo - 10
Ti - 150
Ch- 12y 2500 0, 5 hours Mo~0,5Ti Cb - 10
Zr - <10
Ch-1Zr 2500 20 hours Mo~0.5Ti "Ch - 20
Zr - 310
Cb-12r 2500 100 hours Mo-0, 6Ti Ch - 30
) Zr - 10
TABLE 5,5, CHEMICAL ANALYSIS OF REFRACTORY METALS TESTED IN CESIUM
VAPOR AFTER 300 HOURS AT 1600 F(143)
Analysin, ppm
Pretost Posttest in Cesium Postteat in Vacuum
Allay o] N ) H o} N O H C N o) H
Cb 120 260 820 2 150 220 550 ) 65 190 830 15
Cb=l2r 4B 93 370 1 88 250 370 4 160 160 490 )
De43 1000 48 360 1400 170 430 6 970 68 440 6
PWC=33 3600 130 170 4 3100 110 450 6 3100 99 178 5
Ta 66 190 95 6 76 91 160 1 80 115 46 3
Ta=10W 44 32 50 1 43 43 70 13 100 29 44 1
Ta=8W=2H{ 43 29 35 1 53 30 15 1 62 53 52 3
Mo 230 35 55 1 260 51 43 3 220 87 97 4
Mo=0,5Ti 180 56 50 1 210 90 59 4 190 42 51 10
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CESIUM COLUMBIUM-BASE GESIUM COLUMBIUM-BASE
ALLOYS ALLOYS
TABLE 5,6, CORROSIUN Of COLUMBIUM=BADI MATERIALS IN CESIUIM WGTATIC TADIULLE
TESTS)
v v'vl‘é}nperature, Time, T
Material F houra Resuilts Remarks Reference
Columbium 1600 300 No attack Cesium vapor 143
1600 720 No attack Cesium vapor 138
2500 300 No attack Cesium vapor 143
Cb-1Zr 1600 300 No attack Cesium vapor 143
1600 720 No attack Cesium vapor 138
2500 300 No attack Cesium vapor 143
Cb=l0W=1Zr=~0,1C 1600 300 No attack Cesium vapor 143
(D=~43) 2500 300 No attack Cesium vapor 143
Cb=3Zr=0, 3C 1600 300 No attack Cesinm vapor 143
(PWC=33) 2500 300 No attack Cesium vapor 143
Cbhb=5Mo=5V=12Zr 2500 100 No attack TZM corrosion 141
(B=66) capsules
1000 Slight aurface TZM corrosion
dissolution capsules
2800 100 No attack TZM corresion
capsules

In contrast to the static test results of
Table 5,7, workers at Rocketdyne“”) found sur-
face dissolution of columbium under refluxing
cesium at 1800 F after 720 hours. At 2500 F,
the dissolution was considerably more severe,
Similar results were obtained with the Cb-1Zr al-
loy, though here the 1800 F' capsule was attacked
worse than the 2500 F capsule, These inconsistent
results are attributable to contamination of the
ceslum by oxygen, and the severe attack would not
be expected if clean cesium were employed,

To illustrate this, exposures of Cb-12r by
Msall42) o boiling low-oxygen ceaium for 868
hours at 2100 F showed no significant dissolution of
the alloy. Also, no deposited crystallites or hard-
ness changes were noted, Similar reaults were
obtained for Cb~25Ta-12W-0.52r alloy (FS-85)
under identical conditions after 818 hours of ex-
posure,

studies!144) of maws transfer in conium
were conducted betwaen (1) Ch-1Zr and TD-nickel,
(2) Cb-~1Zr and Mo-0,5T1, and (3) Cb-1Zr and
Haynes Alloy No, 25, In 500-hour isothermal
liquid cesiuin tesis on Cb-1Zr coupled with TD-
nickel at 1800 F, a considerable amount of mass
transfer was found, Appreciable quantities of
columbium appeared as a thin coating on the TD-
nickel, The columbium concentration in this thia
layer was measured at approximately 24 weight
percent, Nickel, on the other hand, was shown

to be leached out of the TD~nickel and diffused into
the Cb~12r tab to a depth of about 8 microns. The
concentration of nickel within this narrow 8-micron
band was 5 weight percent,which is the reported
solid solubility, Similar results have been obtained
after 100 hours in 1800 F' cesium for a Cb=1Zr and
Haynes Alloy No, 25 couple, Haynes Alloy Nao. 25
was attacked intergranularly, and the microstructure
of the Cb=-1Z¢ tab was grossly altered owing to
absorption of the metallic components of the Haynes
Alloy No. 25alloy.

Cb-1Zr and Mo-0. 5Ti couples were exposed
to cesium at 2500 F for periods of 10,500 and 1000
hours, {1 Mass transfer of columbium and zir-
conium to the Mo-0.5Ti was suppressed by adding
oxygen to the system in the form of Cs;0. However,
this addition did not inhibit decarburization of the
Mo-0.5T1{ by the Cb-12Zr,

CESIUM MOLYBDENUM-BASE

ALLOYS

5.6 MOLYBDENUM-BASE ALLOYS

The results of corrosion studies(137,138,141,143)
involving molybdenum-hase alloys, Table 5, 7, indi-
cate that unalloyed molybdenum, Mo-0.5Ti, TZM,
and Mo-50Re resist attack by cesium vapor for
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CESIUM MOLYBDENUM-BASE CESIUM MOLY BDENUM-BASE
ALLUYS ALLOYS
TABLE 5,7, CORROSION OF MOLYBDENUM AND MOLYEDENUM ALJLOYS IN
CESIUM
Tempearature, Time,
Material ¥ hours Results Remarks Reference
Mo 750 500 No attack Cesium vapor 137
1600 300 ~No attack 143
1500 720 No attack 139
2500 300 No attack 143
Me=0,5Ti 1600 300 No attack 143
2500 300 No attack 143
TZM 2500 100 No attack Cesium vapor 141
1000 No attack Cesium vapor ' 141
28060 100 No attack Cesium vapor 141
1000 No attack Cesium vapor 141
3100 100 No attack Cesium vapor 141
1000 No attack Cesium vapor 141
3400 100 No attack Cesium vapor 141
1000 No attack Cesium vapor 141
Mo=50Re 2500 100 No attack Cesium vapor 141
1000 No attack Cevium vapor 141
2800 100 No attack Cesium vapor 141
1000 No attack Cesium vapor 141
3100 100 No attacic Cesium vapor 141
1000 No attack Cesium vapor 141
3400 : 100 No attack Cesium vapor 141
1000. No attack Cesium vapor 141
CESIUM MOLYBDENUM-BASE CESIUM MOLYBDENUM-BASE
ALLOYS ALLOYS
periods up to 19C0 hours at temperatures up to 120
3400 F. 1 Molybdenura control UTS 99,000 psi
o= (Air ot 8§ F) Elongation 3.5 %)

IITRI(”?) uvbserved a reduction in the ducti-
lity of moulybdenum rod upen exposure to cesiura,
illustrated in Figure 5.2, The tests were per-
forined in ai1r at 85 F, molten cesium at 85 F,
and cesium vapor at 400 F. The observed re~
duction in yield strength it cesium vapor at 400 ¥,
relative to the control test in 85 F, is probably
due to the difference in temperature between the
two experiments. Howuver, the elongation in
cesium vapor (17. 6 percent) is similar to that
ocucurring in cesium liquid (16.0 percent}, rather
than in air (35. ) percent)., This suggeats that the
presence of cesium vapor reduces the ductility of
molybdenurn,

Rmckl:tdyne“'ia) reports that molybdenum
undergoes general dissolution in 1800 F refluxing-
vesium capsule tests, and that extremely severe
general dissolutivn occurs At 2500 F in similar

.'.o

FIGURE 5. 2.

Molybdenum-Cs _ UTS 97,000 psl
liquid of 85 F  Elungation 160 %

Molyhdwnum-Cs vopor at 4(5 F

UrsS 69,000 psi
Elongation 7.8 %

*
003 O00s OGE 008 007
Strain

00! o002

STRESS-STRAIN BEHAVIOR OF
MOLYBDENUM IN CESIUM VAPOR
AND L1QUID(139)

JE -,
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CESIUM MOLYBDENUM-BASE CESIUM MOLYBDENUM-BASE
ALLGTS A1.T.OYS
tests. ‘Ihese reaults appear to be due to oxygen A TD nickel/{Mo-0,5Ti) conple in 1800 F

contamination. The authors(l postulate a dis-
solution mechaniam to explain this inadequate
behavior in the following manner. Splashing and
geysering, rather than condensing vapor, were
the maiu methods of exposing the capsule walls

to liquid cesium in the refluxing tests. Cesium
liquid, saturated with molybdenum, repeatedly
struck the cooler walis, precipitating out molyb-
denum. Condensing cesium vapor, running down
the walls, disaclved some of the molybdenum
crystal growth, The boliling zone in a 2500 F
refluxing capsule underwent attack and dissolution
groater than did the 1800 F condensing region,
Tusts conducted at 2100 F exhibited similar re-
sults, but much less severe, Approximately the
same results wers observed at MSA, {142) In

all probability, the mechanism of attack postulated
by tha Rocketdyne workers{138) {s valid, but this
would not be expected to occur if pure cesium had
been employed,

Dissimilar-metal tests were conducted at

cesium exhibited mass tranafer in hoth direct-
ions. Nickel transfer to the molybdenum
was the lesser of the two effects, In a 500-hour
exposure at 1800 F', mass transfer of molybdenum
to the TD-nickel capsule through liquid cesium
occurred at a rate of 1.7 x 10-4 g/{cm2)(hour).

Masas transfer of metallic constituents
across a Haynes 25/(Mo-0. 5Ti) couple was not
extensive, {142) After 100 hours at 1800 F, the
molybdenum showcd a slight increase in carbon
(about 38 ppm) and an accompanying luss of about
20 ppm oxygen. Mectal digsolution was small,

TANTALUM-BASE
ALLOYS

CESIUM

5.7 TANTALUM-BASE ALLOYS

MSA(142) between zirconium and Mo-0. 5Ti alloy ‘Tantalum alloys!138,181,143) are satis-
for 725 hours at 2500 F. The hardnesas of the factory {or short-time exposures in ceaium up to
Mo-0, 5Ti alloy was not significantly altered by 2500 F', an illustrated in Tabie 5.8, Ton date,
exposure to pure cesium liquid and vapor at 2500 very little experimental work has been conducted,
F with zirconium coupons present., Veuy little ragarding tantalum compatibility with cesium. The
corrosion was experienced, and no mass transfer results obtainad in Rocketdyne's refluxing capsule 3
of matallic af :ies was detected. teats at 1800 to 2500 F with, oxygen-gontaminated .
' |
TABLE 5,8, CORROSION OF TANTALUM~BASE MATERIALSE IN CESIUM !
Temperature, Time, — B _ ) J
Material ¥ hours Results Remarke Reference I
]
Ta 1600 300 No attack 143 al l
720 No attack 138 I |
2500 300  No attack 143 " i
Ta-10W 1600 300 No attack 143 v
2500 300 No attask 143
Ta=12W 2500 100 No attack TZM c¢orrosion capsule 141 ‘ ’
1000 Surface dissolution 141 ) '
2800 100 Carbide precipitate Carbon leached from 141 b
TZM capsules '31 :
3100 100 Carbide precipitate Carbon leached from 141 ; !
TZM capsules ; {
Ta=8W-2Hf (T-111) 1600 300 No attack 143 ’f,
2500 100 No attack 141
300 No attack 143 1
1000 No attack 141 7
2800 100 Slight swrfece 141
dissolution
= - il T TR b G ah Wby W DR Ca s s el

N
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CESIUM TUNGSTEN-BASE
ALLOYS

TABLE 5.9. CORROSION OF TUNGSTEN~BASE MATERIALS IN CESIUM

'T‘:mparnture R Time,

Material F : hours Resulte Remarks Reference
Tungaten 750 500 No attack 137
1600 720 Mo attack 138
2500 100 No attack 141
300 No attack 143
1000 No attack 141
2800 100 No attack 141
1000 No attack 141
3100 100 No attack 141
1006 No attack 141
3400 100 Slight surface dia=- TZM corrosion capsules 141
solution
1000 Grain-boundary TZM corrosion capsules 141
‘ penetration
w=0,96b 2500 ' 100 No attack TZM corrosion capsules 141
B - 1000 No attack Ditto 141
2800 100 No attack " 141
: 1000 No attack " 141
3100 100 No attack " ) 141
1000 N¢ attack " 141
3400 - 100 No attack " 141
L ;o 1000 Surface dissolution L 141
W=15Mo 250¢C 100 No attack ‘TZM corrosion capsulea 141
1000 No attack Ditto : 141
2800 100 No attack " 141
1000 No attack " . 141
3100 100 No attack n 141
. 1000 No attack " 141
3400 100 No attack n 141
1000 Surface attack and " 141
grain boundary .
dissolution ' P
'
W-3Re 2500 300 No attack 143 | ﬁ
W-5Ra 2500 300 No attack 143 |
W=10Re 2500 100 No attack TZM corrosion capsules 141 .
1000 No attack Ditto 14} :
2800 100 No attack " 141 )
1000 No attack n 141 !
3100 100 No attack n 141
1000 No attack " 141
2400 100 No attack " 141
1000 Grain=~boundary " 141
attack and sur= ,
face dissolution ;
W«25Re 2500 100 No attack TZM corrosion capsules 141
300 No attack Ditto 143
1000 No attack " 141
28n0 100 No attack " 141 .
1000 No attack " 141 ‘ )
3100 100 No attack " 141 /
1000 No attiack " 141 L
3400 100 No attack " 141
1000 Slight surface " 141
dissolution and
grain=boundary
penetration
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TANTALUM-BASE

ALLUIS

cesium indicate that surface roughening and dis-

s olution occur, although the attack did not appear
Refluxing testz on Ta-i0W performed
by MSA(142) jndicate that mass transfer did not

to be severe.

occur after 528 hours at 2100 F,
pointed out that tantalum is a ver

[y

It should be
powerful carbon

getter, as shown at Battelie, {141} Therefore,
systems employing taatalum alloys should be free
of carbon contamination to avoid embrittlement,

CESIUM

5,8 TUNGSTLN-BASE ALLOYS

TUNGSTEN-BASE

ALLOYS

All of the work to date{137,138,141) jndjcates
that tungsten and tungsten-base allova (Tahle 5. 9
are not atteal:ed by cesium up to 3100 P, H
experiments at Battelle
tungsten-base materiale studied were subject to
surface dissolution and grain-boundasy attack ufter

TABLE 5,10, CORRUSION OF MISCELLANEOUS MATERIALS IN CESIUM

e ————— ]

However,
) suggest that all of the

CESIUM TUNGSTEN-BASE

L v e men
oY ST FL NS

1000 hours in 3200 F cesium vapor. Unfortunately,
little additional information is currently available
regarding tungsten compatibility at elevated
temperatures,

CESIUM MISCELLANEOUS MATERIALS

5.9 MISCELLANEOUS MATERIALS

The corrosion resistance of several materiala
is summarized in Table 5. 10, Except for the
rhenium results, these data are too sparse to lead
to any significant conclusions, Recent work at
Battelle{141) guggests that rhenium in TZM cap-
sules promotes massive maas transfer of molyb-
denum from the TZM. Howsver, there was no
apparent attack of rhenium by the cesium. The
mass transfer between Haynes Alloy No. 25 and
Cb-1Zr’'and Mo~0, 5Ti was discussed in the
refractory-metal section.

f
'

Temperature, S '

- Time, R
Material i F hours Results Remiurks Reference
Zirconium . 1600 720 No apparent attack o , 138
Hafnium 1600 740 No dissolution o2 attack ' 138
noted
Tin6AledV 180 500 No attack noted 137
Vanadium 1380 500 RPacame embrittled due to 140
pickup of oxygen and ni=
trogen from cesium
Rhodium 1380 500 No attack 140
Paliadium 1380 500 No attack 140
Rheniur 1380 500 No attack 140
2500 i00 Nn attack TZM capsules 141
1000 No attack Ditto 141
2800 100 No attack " 141
1000 No attack " 141
3100 100 No arttack " 141
1000 Muss transfer of Mo " 141
3400 100 No attack " 141
1000 Mads tronsfer of Mo " 141

G e e o e o 1 =
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