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SUMMARY

Th i s report i s the result of a literature surve y of ma ter ial for
high temperature application to space environment and to sodium contain-
ment near 1400°F for thermal energy stora ge , Vu i lleum i er cryocooler
heating.

Can didate thermal energy s tora ge ca psule mater i als include s ta in-
less s teels , su peral loys , and refrac tory metals.  Refractory metals
are excellent candidates for the application except that they cannot
be operated in air , a pro bab le requ i remen t pri or to a s pace launc h.
The refrac tor i es are also costl y, dif f i cult to fa br i cate and resul t in
a we i ght penalty i n some cases .

Li ttle i nformat i on has been foun d i n the li terature on the be-
havior of superalloys either in the high temperature space (vacuum)
or al kali metal (sodium ) environments . Liquid metal fast breeder reactor
(LMFBR) programs have generated considerable corrosion and mechanical
property data for stainless steels in a Na environment up to 1000°F.
Hi gher tempera tures for some nuclear requi remen ts are now lea di ng des ig ners
to consider superalloys because of their superior high temperature strength
as compare d to sta i nless s teels . It has been foun d that the corros i on
ca pab i li t ies of s ta i nless steels dim in i sh above 1000°F. These hig h
tempera ture needs are encoura gi ng new research on su perallo ys for hi gh
temperature alkali meta l environments , in this paper , the strength
and corros i on charac ter i st i cs for both the s pace and sod i um env i ronmen ts
are repor ted for a number of cand ida te ma ter ials.

A num ber of program recommendations are made , based upon the
findings of the survey . These include life-tests of candidate materials
in a sod i um env i ronment w i th pos t tes t corros ion evaluat ions .

A l iterature survey of Na heat pipes resulted in recommendations
that a few of the most promising materials be fabricated into heat
pipes and life-tested with subsequent corrosion analyses. Experimental
determination of wicking heights of Na is also found to be critical for
accura te design of the heat pipes . Na handling and heat pipe loading
procedures need to be established.
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SECTION I

INTRODUCTION

A li terature survey is reported , wh i ch was con ducted to ob ta i n

i nforma ti on to a id i n the mate ri al selec t ion for thermal energy stora ge

con tainment ampules which are exposed to a high temperature sod i um atmos-

phere , the sodium being part of a heat pip e s tructure . The so di um heat

pip e re gi on i s i n turn encase d i n a secon d conta i ner wh i ch a t the same

high temperature is exposed to space . The material selection problems

thus involve first , the thermal energy storage material (currently a

fluori de salt); secondly the sodium environment; and thirdl y, the space

env i ronmen t. Thi s pa per concen tra tes on the lat ter two as pects of mater i al

compat ibi lities. The strength and corrosion characteristics of a number

of su peral loys and s ta inless steels are evaluate d for the space and so d ium

env i ronmen ts . In s pace , the eva pora ti on rate of hig h va por pressure alloyi ng

elemen ts can lea d to c han ges in com posi ti on of the mate ri al and therefore

poss ib le reduc ti ons i n strength and lifet ime . In the liquid sodium

env i ronmen t a number of corros i on mechan i sms can occur wh i ch can e it her

remove mater i al , re duc i ng streng th d i rectl y or produce chan ges i n com-

position . General requisites for long-life are that the sodium flow

veloc ity must be low , the oxygen impurities must be low and coupling of

dissimilar materials should be avoided.

Th i s review of the litera ture has reveale d in general that little

i nformati on regar d ing the compa tib ili ty of sodium w i th structura l materials

ex i sts except i n the case of a number of s ta i nless steels wh i ch have been

exam ined extensively for the liquid metal fast breeder reactor (LMFBR).

In thi s case 304 , 310 , 316 and 347 stainless steels have been examined by
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a number of investigators in sodium environments of varying conditions, At

test temperatures , about 1000°F, these material s have demonstrated vary ing

degrees of acceptability for the nuclear application . At the temperature

of interest for the therma l energy storage application , 1000°F to 1400°F,

the stainless steels have not demonstrated acceptable performance in the

corrosion environment , nor is their strength of acceptable standards for

this application . It appears that a number of candidate superalloys should

be investigated because of their hi gh temperature strength advantage .

A few refractory metals have been investigated with regard to sodium

compatibility . The manufacturing difficulties , weight disadvantage , and

vacuum operation requirements of refractories make them less desirable than

superalloys for this application .

SECTION II

MATERIAL COMPATIBILITY

Outer Container T.E.S. Containe r
Heat Pipe/Wick

— _______ — _________ — V.M . Hot Cy linder 

Fig. 1 Schematic of Compatibility Requirements for Integral Heat Pipe-
Thermal Energy Storage System

2
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Fig ure 1 i s a schemat i c which shows the therma l energy stora ge

mater i al and containmen t ca psule . The ca psule ’ s exter i or i s in contact

w i th the so d ium hea t pip e . The heat pip e outer con ta iner i s at app rox-

imately 1400°F and is exposed to the high vacuum envi°’onrnent of space.

Selec tive evaporation of high vapor pressure components can lead to com-

positional changes and subsequent weakening of the structura l member.

The liq uid so di um env i ronmen t wh i ch i s in contact w it h both the

thermal energy stora ge ca psule and the ou ter hea t p i pe con ta i ner can

lead to a number of corrosion related problems .

The thermal energy storage capsule , on the inside , must con ta i n

the storage material (in this case , possibly a fluoride sa l t )  wi th l i t t le

corro si on .

2.1 Vapor izat ion Considerations

Ta b le 1 s hows the va por i za ti on rates of some pure metals at

1500°F. This is shown in terms of vapor izat ion rate as cent imeters per

year , or mi ls per year to demonstra te the d i fference between ma ter i als

w ith rela ti vel y low va por izat i on ra tes , like n ickel , and those with

high vaporization rates , li ke manganese . The va por i za ti on ra tes of the

refractory metals are many orders of magnitude less than those for the

materials shown . The transition elements , n i ckel co balt , iron, and chrom i um

are intermediate between the refractories and other metals , such as

manganese as shown , and o ther high va por pressure al loying elemen ts ,

suc h as sulfur , phorphorus , z i nc , magnesium , copper , and aluminum .

Recent data for superal loy Incoloy 800 demonstra tes the va por i za ti on

characterist ics of the constituent alloying elements ,

3
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Table 1. Vap or iza t ion  Rates of Some Pure Metals at l lOO °K (1500°F)
(Ref. 1)

METAL VAP ORIZATI ON RATE

cm/year mils/year

Nickel 9.9 x 10~~ 3.9 x lO~~

Cobalt 1 .8 x 10
_s 

7 x 1 0~~

Iron 4.1 x 10
_s 

1.6 x 10-2

Chromium 3 x 10~~ 1.2 x 10
_ i

Manganese 50 19,700

Table 2 shows the mass spectrometer determination of vapor composition

for the Incoloy 800. Incoloy 800 initiall y contained .05% C, 0.75% Mn ,

0.5’~ Si; 21% Cr , 32.5. Ni , 0.38 . Ti , 0.38 . Al and 46% Fe. As shown in

Table 2 , upon f i rst  heating at 1300 °K the percent of total pressure for Mn

is init ia lly 45 and for Cr is 46~. . The Mn , a lthough in very small percen-

tage is vapor izing very rapidly at the beginning of heating. (Ref. 1)

Continued heating depletes the material in Mn as shown by the rapid

decrease in vapor composition of Mn. Cr remains about the same while the

Fe vapor composition increases to a plateau. The Ni is not evident in the

vapor until extended heating at l 600°K for 35 hours . This indicates that

the Ni is strongly bonded in this particular alloy lattice.

Activity data , and therefore vapor pressure data, from which Figure 2

was derived , was obtained for the steady-state which was achieved after heat-

inq at l6O0~K for 35 hours. Prior to that heat treatment , compositional

changes made these determi nations improbable.

4
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Table 2. Mass Spectrometer Determination of Vapor Composition of
Incoloy 800. (Ref. 1)

Va por Compos i t i on : % of total p ressu re

Initial

1300 46 45 9 -

1 500 56 15 28 -

Heated at ~ 1525K for l l4 m

1 300 48 31 21 -

1 500 45 9 45 + trace Ni and Cu

Heated > 1600K for 35 h

Figure 2 shows the evaporation rate of the alloy constituents

from Inco l oy 800 after heating for 35 hours at over l600°K. The evapor-

a ti on ra te i n cm/yr i s p lo tted as a func ti on of tempera ture . The

primary alloy ing elemen ts , Ni , Cr , Fe , and Mn are demonstrated . Data

for the pure elements derived from the literature and experimental data

5
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for the al lo y cons tit uents are shown i n Fig ure 2 . It can be seen

th at i n every case the eva pora ti on of the al loyed e lements i s lowe r

than the corresponding evaporation of the pure elements at a given

temp erature . These ra ti os would be ex pec ted to be i n some accor d

with the composition of the alloy sample. The most drastic change ,

of course , can be seen in the vapor composition of the Mn which has

dropped below that of the corresponding pure element. After steady-

state conditions have been achieved , the Cr and Fe have the hig hest

evaporation rates , the Mn being depleted during prior heating .

For a given application it must be determined what the reduction

i n Mn con ten t or the co nten t of any other al lo yi ng element w i ll have

on th e s truc tural charac ter i s ti cs or corros ion res i stance of the a lloy .

The results in Figure 2 indicate that at high temperature the surface

probably tends to be richer in Ni and poorer in Mn than the bulk

ma terial . The surface will become richer in Fe compared to Cr with time .

The total p ressure decreases as eva pora ti on p rocee ds. The amount of

N i be i ng los t i s lower than woul d be ex pecte d rela t ive to pure elemen t

vapor pressure data . The nickel appears to be bound tightly in the

lattice , possibly partly with aluminum and one of the other lighter

elemen ts.

I t should be noted in the Incoloy 800 work that vapor species

between mass numbers 24 an d 80 were measure d. In th i s range Cr , Mn , Fe ,

N-i and Cr were found to be present in the vapor. The composition of

the C, Si , Ti , an d Al w i th mass numbers less than 24 were not measure d .

The Cu indicated in Table 2 appeared apparently an impurity .

7
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2.2 Hi gh Temperature Propert ies of Candidate Materials

Table 3 presents the composition of a number of candidate con-

tainment alloys along with that of some other ma terials for comparative

purposes. Table 4 shows that the strength and creep resistance , at

1 500°F, of the stainless steels is consistently l ower than that of the super~

alloys . The hi gh strength characteristic of the superalloys is one

of the primary reasons for their evaluation as containment materials.

The re are a number of al loys , suc h as Rene 4 1 , which have exceptional

hi gh temperature strength , but are very difficult to fabricate and

are there fore considered as candidates only where the additional strenqth

is required . The Inconel and Hastel loy series are reasonable for cost-

effective fabrication processes. In genera l the overa ll strength cha rac-

teristics of the alloys must be matched to the expected loads in the

system and designed to minimize wei lht and cost. Creep strength is very

important for long term applicatio ns and at the desired temperatures

little creep data is available for most of the materials.

2.3 Alkali Metal Corrosion (Sodium)

The alkal i metal envi ronmen t mus t be evalua ted for a number

of different destructive phenomenon . Corros ion i s destruct i ve a ttac k

by chemical or electrochemica ] reaction. Physical deterioration is by

erosion. Often these phenomenon . ccur together , hence the term corros i on-

eros ion. Corros ion usuall y occurs by e lec troc hem i cal mechan i sms w ith

four main types that might be observed in a Na heat pipe . A weight

loss of the containment material by interaction with the Na can occur

5 
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by uniform attack , pitting and intergranular attack. The dissolution

of th e conta i ner i s some times referred to as leac hi ng. We ight losses

through impingement attack , corrosion-erosion and cavitation-erosion

(pitting due to formation and collapse of vapor bubbles at a dynamic

metal -liquid interface ) are probably not of concern in heat pipes

because of the low li quid flow velocities. Interg ranular corrosion

occurs when the grain boundary (anode ) reacts with a large adjacent

grain (cathode) with a resulting ma terial removal from the boundary

producing with a loss of strength and ductility . The result can be a

catastrophic failure . Cracking can occur from repeated tensile stresses

in the corrosive environment or by a constant tensile stress (stress

corros ion cracking). The stress may arise from cold working or heat

treatment as well as from externally applied loads.

The composition and variations in composition of the containment

metal can be important in determining the corrosion tendency of a metal.

Composition differences which might occur between adjacent grains

as well as general inhomogenities can set ip pitting due to galvanic

action. Dissimilar metals in contact can have the sa - e result. Weld

areas , where compos i t i onal chan ges can occur , should be heat treated to

insure homogeniety of the materi al .

The Na purity will be of prime importance in determining the

corros i on ra tes of conta i nment metals . Oxy gen con tent i s very important

as well as the flow velocity of the liquid metal. Impurities in either

the con tainer or liq ui d could be undes i ra b le . In the hea t pip e , impurities

10
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are swept with the li quid to the evaporator. The concentration if impurities

can thus be very high as compared with that found in an arbitrary sample

of the Na. The system temperature and :emperature differentials can

also be important factors influencing corrosion.

In the case of a directl y heated clad (pass D.C. through the

container walls for heatinq ) the current may increase a number of the

electroche i’i i cal oriented corrosion p henomenon.

Static corrosion of stainless steel , nic kel and nickel base d

s~nera l loys i n so di um near l300°K for a few hund red hours i s very li mit ed .

Extensive pumped loop Na testing has been done on stainless steels

incl uding 18-8-2 , 304, 316 , 347 and others. Data available in the liter-

ature usuall y include the parameters , ma xi mum tempera ture , tempera ture

qradients , sodium fl ow velocity , impurity levels of oxygen and carbon

and operating time . The resulting corrosion often varies considerably

j  cn anqing one of the parameters . A summary for 316 stainless steel

and for 304 stainless steel from the literature is that they can be used

u~ to 850°K in sodium flow provided that the oxygen and carbon impurities

level in the sodium are kept low ( 10 ppm). Transfer of interstitial

ele~ents to and from sodium exposed austenitic surfaces is possible in

systems being considered here . When austenitic and ferritic steels are

commonl y exposed to the sodium environment , mi gration of carbon can occur

resulting in a decrease in strength of the carbon depleted material while

embrittling the carbon -rich system . In a pure 304 stainless steel , sodium

fl ow system , acce ptable perfo rmance appears to be obtainable as long as

the oxygen level in the sodium is maintained at a few parts per million.

12



316 stainless steel has characteristics similar to 304 stainless steel .

Very little work has been done on the sodium corrosion of super—

allo ys. Some data is available for Na flow systems appropriate for LMFB

applications , but not for the low flow rates experienced in heat pipes.

I n  private communications (Ref. 9) the genera l trends of Na

corrosion of  a l l o y in g elements comonl y f ound  i n su pe r a l l o ys an d s ta in-

less steels indicate that the solubility of Ni in Na is higher than

that of Fe. The solubility of Co is probably intermediate between Ni

an d Fe.  In  general , fl uoride salts tend to leach Cr from the containment

ma terial . Hastelloy N was developed specifically for thermal energy

storage applications such as this. Al though the Hastelloy N compatibility

with the salt is very good , a t the tem perature requ i re d here the mater i al

has a relatively low strength and is probably not an acceptable candidate .

In order to obtain optimum conditions for a system such as this it might

be desirable to have a duplex tube with an Fe-based alloy on the Na

side and a Ni-based alloy , s uch as H a s t e l l o y N , on the fl uori de s i de .

Also in private communications (Ref. 10) it has again been indicated that

corrosion tests generally indicate that Ni and Cr are less corrosion

resistant than Fe for sod i um applications. It was again indicated that

Has telloy N with a Cr content of 7% as opposed to 22% for Inconel 617

or 23~’ for Inconel 601 would be better with the salt since the Cr can

be leached by the salt at the hot end and deposited at the cold end ,

chan ging the composition along the length of the heat pipe and changing

its physical characteristics . The Hastelloy N because of its low Cr

conten t does not have the oxidation resistance of other superalloys

13
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an d i t has low , hi gh temperature strength in comparison with the other

candidates listed.

Fur ther personal communications (Ref. 11) again indica te from

general test results that Co-based alloys are very resistant to Na corrosion ,

better than Ni , and that Fe is also better than a Ni-based alloy . It

appears genera l l y that the resul ts of corros i on stu d ies i n c l u d in g Na

on su peralloys is very inconclusive . Most of the high temperature physical

properties have not been obtained in the Na environment where the results

coul d be comple tel y di’fferent. The corrosion studies that have been

obtained have been accomplished under varying conditions , many of which

cannot be compared on a direct one-to-one basis. The results are often

di fferent and it is difficult to determine or to predict how a material

is going to behave under any given set of conditions.

Table 5 is a summary based upon the literature survey of corrosion

studies and a qualitative prediction of behavior with temperature , f l ow

ra te , and oxygen impurities as parameters .

Table 6 summarizes some sodium heat p ip e resul ts f rom the l iter-

ature . The oxygen contents of the sodium and flow rates were again

not ava ilable. The reports indicate that in most cases the heat pipes

did not fail , The studies in general do not report post test analyses

to provide data on corrosion that has taken place . Thus it is impossible

in most cases to make any predictions for long term behavior. Since

heat pipes are important candidates for many thermal applications , i t

will be necessary to obtain more reliable corrosion data in order to

desi gn practical systems for long term use.
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S E C T I O N  I I I

CONCLUSIONS AND RECOMMENDA T IONS

The eva porat i on of  hi gh vapor pressure alloying elements usually

involved in stainless steels and superalloys have been i dentified. At

t he opera ti onal temperature of the thermal ener gy stora ge system of  1400°F

it has been shown by mass spectrometer evaluation that some elements such

as Mn may be dep lete d in to s pace f rom some a l l o ys .  The very hig h va por-

ization rates have been demonstrated for at least one superal loy , I nco l oy

800. As more superalloy vaporization tendencies are determined , the

va por i za ti on trend s o f the v a rio us elemen ts can be evaluate d . From these

studies it nl i ght  be possible to choose or design superalloys of particular

compositions which would be best suited for the high temperature application

for the therma l energy storage system . The possible l i fe inhibiting

character ist ics of elemental loss f rom an a l l o y mus t be determined in

order to evaluate the usefulness of a given alloy for this application.

High temperature physical properties including tensile strength ,

stress to rupture and creep strength have been obtained from the literature

f o r  a number o f can did ates su pera l l o ys . The h i gh temperature corros i on

behavior of some of these al loys and also of a couple of stainless steels

have been obtained from the literature . A good deal of information exists

i n the l it era ture with regar d to compa tibi l i ty of  var ious  sta i n less  s tee ls

w i t h  so di um . Mos t of the ex per imental wor k that i s in the l i terature was

produced for the li quid metal fast breeder reactor program. The same

cor ros i on cons id era ti ons would be necessary in utilizing sodium in a

t hermal ener gy s tora ge sys tem as would be requ i re d f o r  the LMFBR pro grams .
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Little information exists in the literature in regard to the alkali

metal compatibi l i ty wi th super a lloys . The LMFBR programs and the reported

thermal energy storage program are now beginning to examine  a l k a l i  metal-

supera lloy compatibi lities because the strength of the candidate stainless

steels are not suf f i c ie n t for some projected appl icat ions.  At the present ,

the most important corrosion parameters appear to be the oxygen content

of the sodium and the flow rate. Since heat pipes are low flow systems ,

the alkali metal corrosion severity is much less in the heat pipe environ-

ment than it is for the LMFBR appl cations . The literature indicates

that heat pipes have lasted for tens of thousands of hours with sodium

even thou gh t he LMFBR programs have shown that under simi lar condit ions ,

except for a high flow ra te, the material would be rendered useless by

way of corrosion . Unfortunately the heat pipe literature often does not

contain post mortum tests of heat pipes to determine the extent of

corrosion. Although a heat pipe might not fail , that does not mean that

it has not corroded si gnificantly. Quantitative analyses of alkal i

metal compatabil i t ies wi th heat pipe structures are lacking.  Mechanical

properties of superalloys must also be evaluated in the sodium atmosphere .

The hig h temperature mechanical  properties listed were produced either

in vacuum or in air. Stress corrosion and other characteristics can be

entirel y dif f e ren t  in a sod i um atmos phere . At the p resen t tim e l itt le

information is avai lable wi th regard to the behavior of superalloys wi th

a k l a l i meta ls  i n general .

The l iterature on Na heat pipes indicates that little information

18
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is available regarding the wicking parameters of Na with composite wicks.

Appropriate wicking parameters must be measured in order that heat pipe

performance with composite wicks can be estimated. The design of pipes

wi th s im p le regula r  w i ck geomet ry i s  s tr a ig h tf o rwar d , whereas additional

ex per imenta l  parame ters are necessar y for w i cks suc h as the ones requ i re d

for this application. Determination of the wicking parameters of Na

is difficult since it must be performed in an evacuated system at

eleva ted tempera ture .

In order to insure compatabi lity and long life for the sodium

heat pipe/thermal energy storage system a test program should be followed

which will provide direct desi gn information. A program to provide

guidelines for the present Na heat pipe systems should include at least

t he fo l low in g efforts .

1. Life tests of sodium heat pipes should be performed with

a var ie t y of su pe r a l l o y con ta i ners i n a vacuum env i ronmen t.

Vacuum l i fe tes t stan ds nee d to be es ta b l i she d. Numerous

mater i a l s  can be teste d w ith sma l l  sam p les  i n the Na

environment. A few of the most promising candidates should

be fabricated into heat pipes with a full heat transfer

rate equivalent to the ultimate system so that 311 possible

corros i on mec han i sms can occur . Pos t test corros i on eval-

uation should follow the life tests with a number of iden-

tical pipes being evaluated at prescribed intervals.

2. The performance of candidate wick structures with Na must

be measure d i n or der to su pp l y data for the accurate des ig n

19



of Na heat pipes. The tests must be performed in a vacuum

at elevated temperature. Wicking height is a prime para-

meter.

3. Corrosion tests should include appropriate methods of container

(cross sectioned) evaluation (mass spectrometer , m i cro p ro be ,

x-ray diffraction , m e t a l l o g ra ph i c , etc.) both on the Na

side and the vacuum side.

4. Procedures for Na handling and heat pipe filling should

be established , i n c l u di n g clean i n g p roced ures for a l l  Na

con tac t sur faces , and for disposal of Na wastes .

5. The Na should be “clean ” (less than 10 ppm 02) prior to

testing, and should be assayed after the test.

6. Any cr i t i cal mechani cal p ro per ti es suc h as cre ep shoul d

be considered for further testing if the capsules demonstrate

any appreciable compositional changes during the life tests .
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