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STATUS OF MATERIALS DEVELOPMENT FOR MOLTEN SALT REACTORS 

H. E. McCoy, Jr. 

ABSTRACT 

Experience to date has shown that in a molten-salt reactor environment the alloy Hastelloy N is 
embrittled by irradiation and suffers shallow intergranular cracking due to the fission product 
tellurium. From January 1974 through September 1976 these problems were actively re3earclied. 
Hastelloy N modified with 1 to 2% N b  was found to have good resistance to  irradiation ernbritrlement 
and to intergranular cracking by tellurium. The severity of cracking by tclluriuni was noted to be 
influenced by the oxidation state of the salt so that cracking could be prevented cven in standard 
Ilastelloy N. This observation opened up other possibilities for matcrials selection. 

INTRODUCTION 

Molten-salt reactors were initially considered for nuclear-powered aircraft in 1947, A small test ieactor 
called the Aircraft Reactor Experiment was constructed in 1954 and was operated successfully for 221 hr. 
The potential of the concept for civilian power applications was realized, and the Molten-Salt Reactor 
Program was formalized in 1956. A 7.4-MW test reactor, called the Molten Salt Reactor Experinlent 
(MSRE), was designed, coristi ucted, and became ciitical in 1965. The reactor operated successfully for 
several years, and operation was terminated in 1969 after the reactor successfully completed its mission.l 

During the years in which the MSRE was being built and brought into operation, most of the 
developrnetit work on molten-salt reactors was in support of the MSRE. As a result of the success of the 
MSRE:,, however, the budget was increased to pernut work aimed at molten-salt bleeder ieactors (MSBII) 
and the shutdown of the MSRE freed additional funds for this purpose. These reactors would use a 
I,iF/BeF2 carrier salt with fissile 233U and fertile 232Th. The salt would flow through passages in a 
giaphite-moderated core, where fissioning of the uranium and capture of the neutrons by thorium to form 
uranium would occui . However, numelous fission products would be produced, and their partial removal 
would be necessary to have an efficient breeder. The latest developments in chemical processing show that 
the fission products can be removed to  acceptable levels by sequentially removing the uranium by 
fluoridation and by contacting the salt with Bi/Li solutions. 

Although a number of areas require further development, this report will deal specifically with the 
metallic structural material for the primary system. Operation of the MSRE revealed two deficiencies in the 
Hastelloy N alloy (Ni; 16% Mo; 7% Cr ,  5% Fe; 0.5% Si; and 0.05% C) developed specifically for use in 
molten-salt systems. First, the alloy was embrittled at elevated temperatures by exposure to  thermal 
neutrons, The creep strength of the alloy was not affected, but the strain that could occur before fracture 
was reduced. The second problem was that the grain boundaries were embrittled to depths of 5 to 10 mils 
in a11 Hastelloy N exposed to the fuel salt and to a lesser extent in material exposed to the vapor above the 
salt. The embrittled boundaries were opened to  foim visible cracks only in the heat exchanger. In other 

'M. W. Rosenthal, P. N. IIaubemeich, and R. B. Briggs, The Development Status of Moltemsalt Breeder Reactors, 
ORNL-4812 (August 1972). 
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parts of the system it was necessary to  strain the material to  form visible cracks. This intergranular cracking 
was clearly associated with fission products, arid strong circumstantial evidence suggested that tellurium was 
the cause of the embrittlement. 

The materials program during the past several years emphasized these two problem areas. The 
irradiation-einbrittleinent problem was noted several years before the fission-product-related problem, and 
work has proceeded further in  developing an alloy that resists embrittlernent by neutrons than in 
developing an alloy that resists erribrittlement by tellurium. The timing associated with discovering the two 
problems also led to  the problems being pursued almost independently, and, in retrospect, to actions that 
do not appear to be aimed at the problem. IIowever, this situation is largely attributable t o  the problem 
changing as more information became available. 

The final objective of this study is to  develop a material for construction of the primary system of an 
MSBR. 'This development will involve the progression of tests on small laboratory-size melts to  tests on 
production-size melts and, similarly, a progression of test times for a few hundred hours to several thousand 
hours. T'llis progression would lead to the development of an alloy for which prodnction techniques are 
readily available and whose properties are well known. 

DEVELOPMENT STRATEGY 

' lhe problems of irradiation and fission-product embrittlement seemed best pursued through chemical 
modifications of the alloy. Previous studies at ORNL had shown that the degree of helium embrittlerinent of 
austenitic stainless steels could be reduced markedly by slight chemical and it was 
anticipated that this approach would be useful for Hastelloy N.  Previous evaluation of components from 
the MSRE had strongly implicated Te as the fission product responsible for the intergranular ~ r a c k i n g . ~  
There are not much data available on tellurium chemistry, but the approach used was to add elements to  
I-lastelloy N that weie reactive with Te, in hopes that the reactive elemcnt would form a stable telluride 
compound. As a compound: the tellurium might be innocuous, A completely separate approach to the 
tellurium problem would be to  modify the salt chemistry to  place the tellurium in an innocuous form. Again, 
this approach was hampered by the lack of data on the many tellurides possible in a salt/fission-product 
mixture, and it was not viewed with much optimism. Each of these problems will be discussed, and the 
rationale for the experimental approach will be presented. It was imperative that these problems be 
corrected without sacrificing the excellent corrosion resistance of the material to fluoride salts and its 
ability t o  be manufactured and formed into useful shapes by conventional methods. 

Irradiation Em brittlemerat 

Iron- and nickel-base alloys can be embrittled in  a thermal neutron flux by the trarisniutation of tramp 
l @ B  to  helium and lithium. This process generally results in the transmutation of most of the l @ B  by fluxes 
of thermal neutrons on the order of 1020 cnir2,  and usually yields from 1 to  10 atomic ppm of He. With 
Ni there is a further thermal two-step transniutatiuri involving these reactions: 

s8Ni + tz + s9Ni: 

*hi. K .  Martin and J .  R. b c i r ,  Solutiotis to  tlrc Pwhlrins of ~liKli-rr,iiz!,eratiire Irradialioii /:'inbritrIemciii. 

3 H .  E. McCoy. Jr.,  and B .  McNabb, Intergranular Ci-ackiiig of I:1OR-8 iii the AISRL. ORNL-4829 (November 1973). 
ORIVL-l%l-1534 (June 1966). 
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T2-u~ sequence of reactiuns does not saturate, and although the cr~)s? sections ale still it1 question, it would 
produce a niaximuni o f  40 atomic pptn of Fie in the vessel over a 30-year MSBR lfeliurn from 
both sources collects in the grain boundaries and causes degradation of the rriechanical properties at 
elevated temperatures. The effect rnaniFests itself it) reduced 1 upture life and reduced fracture strain. 

Previous work with Hastelloy N showed that the predoniinarit carbide formed III  air-tnelted niaterial 
contamiiig about 0.570 SI wasM6CwIiereMwds 27.9% Ni, 3.3% Si, 0.6% Fe, S6.1?, Mo, and 4.0%Cr.5 This 
carbide was very coarse and was not present on a fine enough scale to lnfluence the tiaiispot t of Fiz through 
the individual grains to the giain boundanes. In vacuuin-melted material the silicon was lower and ttie 
carbide was of the M,C type where M was 80 to 90% Mo with the renimder Cr.j  This caibide was fine but 
coarsened readily at about 700°C. By kezping the silicori low, reducing the molybdenutn concentration 
from 16 to 1276, and adding a small amount of utle element from the group Nb, Ti, Zr, and Hf, a finely 
dispersed carbide of the M C  type W& iorrned. Figure 1 is a n  electron inicrogrdph showing the fineness of 

'E. J. Allen, H. T. Kerr, and J. R Ingel, ORNL, yerbonal communication, August 1976. 
'11. f. McC'oy, J r  , and K I:. Cehlbrdi, Nucl. l'echnol I I ,  45 (197 1 ) ~  

1 Pm 
1 

f:ig. 1. 'Typical !l.I[: carbide distribution in liai'nium-modified Hastclloy N.  The alloy coiitaJns 0.77, Hi' and 0.06% c 
and was aged 200 hr at 760'C. Original magnification: 51)OOX. 
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this structure and how it could provide sites for trapping lie and preventing its transport to grain 
boundaries. Other modifications were made in the specifications for Fe and hfn. These latter changes were 
made primarily to simplify the alloy for our studies and are not considered critical. 

Postirradiation creep studies showed that Zr and Hf were effective in producing the desired carbide 
structure, but that they resulted in very poor weldability.6 Zirconium concentrations of as much as 0.05% 
caused severe weld metal cracking. Because Hf contains some Zr,  it was not possible to determine whether 
the Hf or the rcsidual Zr caused the cracking. However, IIf had a further scale-up problem in that Hf02  is 
more stable than many oxides used in refractories. The Hf added to  a melt in a refractory crucible would be 
oxidized and not available to form a carbide in the alloy. Thus, the use of Zr and Hf additions was not 
pursued further for practical reasons. 

The Ti addition appeared very beneficial, and the development of Ti-modified alloys was pursued. 
Additions of Nb were studied to a lesser extent. It was not until late in the program when it was discovered 
that Ti was not only ineffective in pi-eventing intergranular embrittlement by Te, but that it also destroyed 
the beneficial effects of Nb when both elements were present. However, the 2%-Ti-modified alloy was 
developed through two large commercial production heats before this fact was discovered. 

The experimental approach used to evaluate the extent of irradiation embrittlement was to  irradiate 
small samples in the Oak Ridge Reactor (ORR) and then to perform postirradiation creep tests. 
One-hundred two specimens were irradiated at one time with controlled temperatures in the ORR poolside. 
Twenty-three hot-cell creep machines provided excellent facilities for the postirradiation creep tests. 
Control creep tests were run to provide a basis for comparison with the data on irradiated specimens. 
Selected irradiated and unirradiated specimens were chosen for detailed electron microscopy. 

The alloys evaluated were made by three techniques. Small 2% melts were made at O R N L  They were 
arc melted on a water cooled Cu hearth, drop cast to ingots 1 in. diam by 6 in. long, and swaged to  
l/.l-in.-diani rods. Melts 50 to  100 lb were made by commercial vendors and formed into 1/2-in.-thick 
plates. These plates were used for weldability tests, and strips were cut for making test specimens. Two 
large commercial melts of 8000- and 10,000-lb sizes were obtained. They were made by standard melting 
practice and were formed into a number of products. 

Tellurium Embrittlement-Alloy Modification 

Examination of components from the MSRE suggested that the fission-product tellurium was 
responsible for the intergranular cracking that occurred in Hastelloy N. Some early laboratory experiments 
demonstrated our ability to produce similar attack by exposing Hastelloy N to small concentrations of Tein 
the l a b ~ r a t o r y . ~  These experiments revealed several important differences in the degree of embrittlement of 
various alloys by Te. However, these tests were not a good simulation of reactor conditions in that they 
exposed the metal to a relatively high flux of Te for a short time at the beginning of the test, and no  further 
Te addition was made during the thermal anneal. In a reactor the metal would be exposed to a very small 
but almost constant flux of Te throughout its period of operation. Thus, better methods of exposure were 
needed. 

The development of Auger spectroscopy methods at  ORNL allowed a very definitive experiment to be 
performed recently on material retained from the MSRE.' In this experiment a thin Hastelloy N foil from 
the MSRE was broken in the Auger spectrometer to expose a fresh grain boundary. As shown in Fig. 2 .  

%I. E. McCoy, Jr., Influence of Titanium, Zirconium, and IIa,fnium Additions on the Resistance of Modified 

'L. E. McNeese, Molidn-Salt Reactor Program Semiannu. Bog, Rep. Feb. 29, 1976, ORNL-5132, pp. 88-95. 
l-lastelloy N to Irradiation Damage at  High Temperature-Phase 1, OKNL/TM-3064 (January 191 1). 
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Fig. 2. Auger spectra of fracture surface of llastelloy N specimen from MSKE. 

Auger spectroscopy showed the presence of Te in a brittle grain boundary and did iiot reveal another fission 
product in detectable concentrations. This experiment confirmed previous circumstantial evldence that 
indicated that the embrittlement was due to the fission product tellurium. 

The sparsity of data on the cherrlistry o f  tellurides makes it possible only to postulate a mechanisni for 
embrittleinent. The phase diagram for the Ni/Te system is shown in Fig. 3. The nickel-rich side is 
characteriLed by very low solubility of tellurium in nickel and several intermetallic nickel/tellurium 
compounds. Such compounds are generally quite brittle and there IS no reason to  suspect that tlus system 
will riot be the same. IIowever, these compounds occur at reasonably high concentrations of Te: and one 
inust postulate a mechanism for the enrichment of Te that would lead to the forrnatioti uf brittle 
compounds. A schematic diagram of a grain boundary is shown in Fig. 4. Grain boundaries are regions of 
poor crystalline perfection between adjacent grains of different orientations. This region i s  generally 
assumed to be about 3 atomic diameters wide and can liave diffusional and chemical characteristics much 
different from those of the bulk material. I t  is quite plausible that tellurium diffuses along the grain 
boundaries and that the concentrations reach levels as high as those required to  form the brittle 
intermetallic compounds. In fact, Auger analysis of the specimen in Fig. 2 revealed about 25 at. % Te, a 
concentration quite adequate to form Ni3Te2 (Fig. 3). 

The question of whether grain-boundary compounds were formed was not answered conclusively. 
‘There was litele evidence to support the forniation o f  massive precipitates, but the presence of rather large 
carbides in the grain boundaries made the analysis rather difficult. Generally, the Te was located w i t h  a very 
few atom layers of grain boundary or within a few atom layers of the carbide/bulk interface when a carbide 
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Fig. 3. Phase diagram for Ni/Te system. Source: K .  0. Klepp and K .  L. Komarek, Monatsh. Chem. 103, 941 ( 1972) 

ORNL DWG. 77-5132 

Fig. 4. Schematic of' grain boundary. 
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particle was present in the grain boundary. Sufficient data of the correct type to  determine whether very 
tlun gram boundary telluride phases formed or whether the presence of elemental Te (not as d conipound) 
was sufficient EO cause ernbrittlenient dld not exist. 

With t h s  picture of Te embnttlement, i t  became necessary to control the surface Te flux at some level 
typical of reactor opeiation. In the MSRE. the flux of l e  atoms reaching the metal was lo9 atonis cm 
sec - l ,  and t h s  value would be 1 O l o  atoiiis sec' for ii high-performance breeder. (l'bese values were 
calculated based on many assunlptlons and are given only as order-of-magnitude estimates.) Lven the vdlue 
for a hgh-perforniance breeder is very small from the experinletitd stdndpomt [:or exampk, llus flux 
would require that a total ot 7.6 x 10 g of Te be transferred to ;i sample tidviing a surfdce Xed of 10 cni2 
in 1000 h r  Several Te deltvery systems based on the vapor pressure of Te metal and the disassociation 
pressure of seveial metal tellurides weie used, and these systems d c e  shown schematic,illy in Fig 5 Te metal 
has a vapor pressure of about torr at 300"C, and one method of euposuie involves a Te metal 
temperature of 300°C arid a specmen temperature of 700°C' i n  a sealed yuartL vacuum capsule Several 
metal tellurides weie synthesized, Cr3Teq stterned tu have the rellurium pal ti?! pressure d t  700°C that  

most closely dpproxlrnated the debired flux. This telluride was used in a vapoi capsule, as a pack~ng media, 
and in a fluoride salt. The last system appeared most desirable, and several hundied spec~rnens were e~pobed 
in tlm manner The exposed specmiens weie strained to failure tn a room-temperatiue t ende  test, and a 
longitudinal metallographic section was prepared. An optical systetn using a f i h r  eyepiece with a positlot1 
transducer was used to  count the depth md frequency of Liacking from wlncti szveral related statistical 
paranieters were deduced. 

The attractiveness o j  foirnirig a surface telluride rextion product in prel'erence to I.iamng the telluriuni 
diffuse uito the metal can be illustrated by a rather siniple calculation Wlth  a tellurium flux 111 an MSBR of 
3 8 X 10lo atoms crnC2 Yec l ,  the anioiinl of telluriurii depcxited on t h e  metal surfaces over d peiiod of 30 
years would be 2 9 X 101 9 atoms/cm2 If the telluiium reacted with the nickel in the ratio of two atoms of 
lellurium p e r  three a t o m  nickel (Ni3Te2), the nickel telluride would be contained in a layer of redction 

- Q U A R T Z  

ARGON 

w c  

ORNL-OWG 75-15991H 
f -7  

Fig. 5 .  Laboratory iixthods f o r  exposing m.etal specimcns to tclluriuni. 
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product 4.7 X cm thick. Experimental evidence shows that tellurium does not react with nickel in this 
way, but diffuses preferentially along the grain boundaries. However, the addition of alloying elements to 
nickel that would form such a surface reaction product is a possible solution to  the problem. 

The most realistic method for exposing metal samples to  Te was an irradiated fiiel capsule made of the 
material of interest. Four experiments of this type, designated TeGen-1, TeCen-2, TeGen-3, and TeGen-4 
were performed in the ORR at 700°C. Sections of the wall were strained after irradiation, and the severity 
of cracking was determined by metallographic means. Chemical analyses were performed on samples of the 
salt and the metal. 

Tellurium Embrittlement---Salt Modification 
.. l he  behavior of tellurium in salt containing fission products is complex and open to speculation. 

Experience with the MSRE indicated that Te was deposited on the metal and graphite surfaces, and that 
only a very small amount resided in the salt at any given t ine.8 

Brynestad and others9 suggested that it may be possible to  make the salt reducing enough t o  tie the 
tellurium up as  an innocuous telluride ( e g . ,  “CrTe”) by a reaction of the type: 

CrF2 + Te + 2UF3 --L 2UF4 + “CrTe.” 

Manning and Mamantovl performed an electrochemical experiment that indicated that the ratio of UF4 to  
UF, would have to be about 150 to favor the existence of telluride species over elemental tellurium in 
molten LiF/SeF2/‘ThF4 a t  650°C. The work of Toth and Gilpatrickl sets a lower practical limit for how 
reducing the salt can be during reactor operation. At reasonable reactor inlet temperatures of 500 to 55O”C, 
the ratio of UF, to UF, must be about 10 to form uranium carbide. These observations lend some support 
for the approach of altering the oxidation state of the salt, but it is questionable whether the amount of 
UF, required is practical and whether it is so high as to  support the formation of uranium carbide. 

Recent work by Keiscr offered more hope that a stable telluride could be formed at reasonable 
IJ4+/U3+ ratios.12 Keiser used Cr3Te4 as a tellurium Source in LiF/ReF,/UF4 salt and varied the U4+/U3+ 
ratio of the salt by adding NiF, (oxidizing) or Be (reducing). Small tensile specimens of standard FIastelloy 
N were exposed to  the melt for about 200 hr a t  700°C at each condition. The specimens were strained to  
failure and the crack severity determined metallographically. 

STATUS OF DEVELOPMENT 

Irradiation Embrittlement---2%-Ti-Modified Alloy 

Fabrication 

The 2%-Ti-modified Hastelloy N has been developed to rather advanced stages. About one hundred 2-lb 
lab melts, about twenty 50- to 100-lb commercial melts, and two large (10,000- and 8,000-lb) comniercial 
melts have been made and processed to a large number of pr0ducts.l 3 3 1 4  Fabrication experience with these 

*W. R .  Grimes, Chemical Research and Devclopmenr for Molten-Salt Breeder Reactors, ORNL/TM-1853 (June 1967). 
9J.  Brynestad, ORNL, personal communication, 1975. 
10 
1 1  

L. E. McNeese, Molten-Salt Reactor Program Semiannu. Prog. Rep. Feb. 29, 1976, ORNL-5132, pp. 38-39. 
L. M. ‘Toth and L. 0. Gilpatrick, Theb‘quilibrium of Dilute [IF3 Solution Coritaimd in Graphite, ORNLJTM-4056 

J .  R. Keiser, Status of Telluni~rn-Hastelloy N Studies in Molten Fluoride Salts, ORNL/.IM-6002 (October 1977). 
(December 19 7 2). 

1 2  

’ 31.. E. McNeese, Molten-Salt Reactor Program Semiaiiiiu. Pmg. Rep. Feb. 29, 19 76, ORNL-5 132, pp. 42-45, 
14L. E. McNeese, Molten-Salt Reactor Program Semiannu. h o g .  Rep. Feb. 28, 1975, ORNL-5047, pp. 60-68. 
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niaterials was generally quite favorable, except fo r  the occurreme under some conditions of cracking during 
hot working. Surface cracking occurred in the first heat in almost all products, and the problem was 
pursued by T. K. Koche (ORNL) and R. W. Bonn (Cabot Coipoiation).' Gleeble evaluation tests were 
used to show that the large heat had a much narrower working temperature range than sinal1 heats that had 
been produced previously. The problern was partially solved, arid sonie useful products were obtained. A 
second heat (8000 lb) was made with oiily slight modification in the melting practice by the vendor. 
Although the chemical analysis of the second heat differed only slightly from t tiat of the first heat (Table 
I), tlie second lieat had a much wider worluiig temperature iaiige than the fiist heat (Fig. 6).  Experiences 
showed that the second lieat fabricated much better than tlie first, but the cracking reappeared III drawirig 
products having diameters below 1 in. The probleni was partially alleviated by flemng the worked product 
to ielieve residual stresses before annealing or by using 1 120°C as an intermediate annealing temperature 
rather than the usual 1175°C. Products including welding wire down to 3/32 in. diam, and several s i m  of 
plate and bar were produced. However, the hot cracking problem still exists as a partially unsolved black 
mark against this alloy. This type of cracking IS due to the alloy not having sufficient hot ductility to 
pieverit cracks forming in inaterial that contains residual stiesses due to a prior working operation. This 
behawor is usually associated with some of the residual elements in nickel. Because, within limits. titanium 
is not reputed to embrittle nickel-base alloys, it is possible that the hot-working problem is associated with 
sonie residual impurity rather than the major alloying elernents in this alloy. It is unfwtunate, but not too 
surprising, that fabrication problems were experienced with the first two large heats pi oduced. Clearly this 
problem niust be solved before the 2Yptitaniurn-modified alloy could be produced in large quantities. 

I5T K. Roche, ORNL, personal communication. 
l 6 R .  W. Honn, Cabot Corp , personal communication. 

Table 1 .  Chemical analysis of production 
heats of 2%-Ti-modified Hastrlloy N" 

Composition (w t %) 
F.lcni ent 

Heat Heat 
281 04 -790 lb  8918-5-742 1" 

A1 
B 
C 
S O  

Cr 
CU 
1;t: 
Mn 
M O  

N 
Ni 
P 
S 
Si 
Ti 
W 

0.10 
.:0.002 

0.06 
0.02 
6.97 
0.02 
0.08 
0.02 

12.97 
0.003 

Balance 
0.002 
0.002 
0.03 
1.80 
0.01 

0.12 
<0.00 1 

0.07 
0.02 
7.10 

<0.01 
0.06 
0.12 

11.93 
0.007 

Balance 
0.004 

0.04 
1.90 

<0.05 

<0.002 

IM) 

20 

0 

ORNL-DWG 1 5 - 7 1 9 7  

29. T i -  MODIFIED HASTELLOY N 

I 4 HEAT NO 8918. 5-7421 

! 

.......... 

\ 
\ 

<,- k ' 
_ ~~~ 

TEST SPEED: 5 In. per rec 

I800 I9(M 2LlX 2100 2200 2503 'F 
982 4038 1093 I150 1204 1 2 6 0 ° C  

TEST TEMPERATURE 

'Vendor analyses. 
h l O , O O O  lb. 
"8000 lb. 

Fig. 6. High-temperature ductdity of two production 
heats (28104-7901 and 8918-5-7421) of 2%-Ti-modified 
Hastelloy N, determined by Cleeble testing. 
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Weldability 

Weldability tests were perfornied on 1/2-in.-thick plate of the small and large commercial heats of the 
2%-Ti-modified alloy. Two plates o f  alloy were welded with filler wirc of the same material with the plates 
under high restraint. Bend straps were cut from the plate and subjected to bend tests according to 

specifications of the Anieiican Society o f  Mechanical Engineers. All heats, including the two large 
commercial heats, passed the tests and were noted by  the welders to have excellent weldability. One 
important observatiorr was made concerning postweld heat treatment. A postweld heat treatment of 2 to 8 
hr at 870°C was established for standard Ilastelloy N,  and this treatment was sufficient to  recover the weld 
properties to those of the base metal. Our limited studies indicated that welds in the 27b-Ti-modified alloy 
must be annealed at 1175°C (the nurmal solution annealing temperature) to bring the weld properties back 
to  those of the base inetal. 

Creep Strcngth 

Creep tests were run on most of the heats of the 2%ri-modified alloy. The stress-rupture properties are 
compared in Fig. 7 with those of standard Hastelloy N,  and the Ti-modified alloy is superior at all three 
temperatures. The minimum creep rate of the Timodified alloy is compared in Fig. 8 with that of standard 
IIastelloy N. The modified alloy i s  superior at 650"C, and standard Hastelloy N i s  slightly superior at 704 
and 760°C. l'hus, the modified alloy has adequate creep strength. 

10' t G2 10' t o4 
RUPTURE TIUE (hr)  

Fig. 7 .  Comparison of the stress-rupture propertics o f  
standard and 25%-l'i-modified l l a s t c h y  N.  

Alloy Stability 

O W L - D W G  77-9223 
- m r r v T  T I I IT IT  - ~ m y -  
- STANCWL' HASTELLOY N 
- -2% T I  MODIFIED HASTECLOY N ,' 

760°C 

to-' t 0-2 IO-' I 00 

MINIMUM CREEP RATE (%/hr) 

Fig. 8. Comparison of thc crcep strengths of standard 
and 2%-'Ti-niodificd Hastelloy N. 

Samples of Ti-modified alloys were aged to  10,000 hr?  but very few were tested. However, the few 
specimens that were tested had excellent properties and did not show any evidence of deterioration of 
properties with aging. Roche prepared several experimental alloys to evaluate the influence of A1 aild Ti 
content on the formation of gamma prime in this alloy base. This question came up because of the use of 
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N for deoxidation of the melt. Roche1 found at 650°C that this alloy mis t  contain more than 2.7% Ti to  
form y' and that an alloy containing 2% Ti could contain about 0.6% AI before forming 7'. Thus, the 
cmiposition of the 2%-Ti-niodified alluy is such that it is a comfortable distance away from the phase 
boundaries of embrit tling y' 

Salt Comosion 

Because tii.at~iurn is readily converted to  a fluoride by salt, the addition o f  this element to the alloy 
raises the question of accelerated corrosion by fluoride salt. Actual ineasurernents in thermal-convection 
loops have indicated that the corrosion rate of the Ti-modified alloy is lower than that of standard 
I-XastelPoy N . l  Two factors are involved. First, the iron content of the modified alloy is only a few tenths 
of a percent, whereas the iron content of the standard alloy is 4 to 5%. Because iron is almost as easily 
oxidized by the salt as chromium, i r o n  contributes sigriificantly to  the corrosion rate in salt of reasonable 
oxidation potential. Thus, the lower iron content of the modified alloy would significantly reduce the 
corrosion rate of the modified alloy. The second factor is that titanium is not accessible to the salt unless it 
can diffuse to the alloy surface. Measurements of the diffusion rate of titanium in fiastelloy h' showed that 
it moved about a factor of LO more slowly than chromium.l Thus, it is quite reasonable that !hc modified 
alloy with its lower iron content and its 2% titaoiuni corrodes at a slower rate in salt than does standard 
I-lastelloy N. 

Postirradiation Mechanical Pro perties 

Many specinlens of the 2%-Ti-niodified alloy base have been irradiated in the ORR to fluxes of thermal 
neutrons of 2 to 3 X 1O2O cm'.2 and have been subjected to postirradiation creep testing. These tests have 
shown that the 2%-Ti-tnodified alloys are very resistant to irradlation eiiibrittlernent at 700°C and lowcr, 
but that niost heats of  the modified alloy are ernbrittled at 760°C. The postirradiation creep properties at  
650°C of several heals of the 2% modified alloy are cornpared in Figs. 9 and 10 with those of standard 
Hastelloy N. The modified alloys are far superior t o  standard Hasielloy N in all regards. The data Tor three 
heats are shown in Fig. 1 1, where irradiation teniperature is evaluated as the test variable. These data show 
that the properties deteriorated as t.hc irradiation teniperature was increased. Tlie 2%-Ti-modified alloy has 
good properties after irradiation at 650"C, acceptable properties after irradiation at 704°C: and 
unacceprable properties after irradiation at 760°C. Although there is ;1 gtimmer of hope that the alloy can 
be made stable at 760"C, it does not appear very promising. Reactor systems that operate at 650°C have 
good thernial efficiency, so there s e e m  little incentive to operate at 700 to 760°C. However, an alloy 
capable of operation at these temperatures would give more margin for temperature excursions. 

Microstructural Features 

Microstructural studies showed that the carbide formed in the 2%-'l'i-modified alloy was of theMC type, 
but the tine points of the behavior of these carbides were not studied sufficiently. Braski only began to 
scratch the surface io his efforts to produce a more hornogeneous structure.2o Bands of carbides form in 
this alloy (as they did in standard I-Iastelloy N) during early fabrication, and the result is that there are 
alternative regions of high and low densities of carbides. 

17L. E. Mcblecse, Molten-Salt Kcacturt)rogram Semiamnu. Prog Rep. Fcb. 29, 1976, OKNL-5132, p. 5 1  

J.  Kogar, Alloy Coinpatibility CVith l,iF-Bek', S d r S  ~ontuining 7%F4 and uF4:  ORNL/T,q-4286 (December 197 2). 

D. N. Rraski and J .  R1. Leitnakcr, Production of Ifooniageiieotis Titanium-tlustelloy N Allo-ys, ORNL/TM-S697 
(February 197 7). 

I 8  

l')  C. E. Sessions arid T. S. Lundy, J .  Nucl. Mater. 31(3j ,  316 (1969). 
2 0  
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a 472-503 0 474 -534 
@ 473-008 4474 -539 

lo-’ 10’ 10’ lo2 I o3 I o4 
RUPTURE LIFE (hr) 

Fig. 9. Postirradiation stress-rupture properties at 650°C of several heats of Ti-modified llastelloy N. Samples were 
irradiated at 650°C to a flus of thermal neutrons of 3 X 10” cm?. The numbers by the individual data points are the 
fracture strains in percent. The solid lines are for the heats in the unirradiated condition. 

ORRIL-BWG 75- 7203 

0 472- 503 

MINIMUM CREEP RATE (%/PIP) 

Fig. 10. Postirradiation creep properties at 650°C of several heats of Timodified Hastelloy N. Samples were irradiated 
The solid lines OTC for heats in the unirradiated condition unless at 650°C to a flux of thermal neutIons of 3 X 10’’ 

noted otherwise. 
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0 H N I . -  DWG 75 - 153A 

'The practic8.i aspects of the influence o f  carbide striict Lire can be apprrecia ted iy e x a r n i i ~ q  samples of 
two tieais of material that responded quite differently to irradiatioii. f:orriia:mtjve transinissiori electron 
micrographs 3re given for heats 71-1 14 arid 72-502 in Figs~ 12 to 1 4 .  After jrradiation of 650°C there is 
not  an  appreciable difference in microstructure. birt 3s the irradiation tennpetstute was increased the  
carbides remained much finer in heat '72-503 than they did in ! m i  7 1 - 1  14. Similai-ly, the properties of heat 

la i (bl 

Fig. 12. Election micrographs of two alloys after irradiation at 650°C for 1200 hr. (a)  Alloy  503.  (b)  Alioy 114. 
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1 ig. 13. 13cctron inicrograpl~s of two a11oys aftcr irradiation at  704°C f o r  1200 Iir. ( a )  A l l ~ y  503.  ( h )  Alloy 114. 

(a 

I:ig. 14. Electron micrographs of two alloys after irradiation at 760°C t o r  1200 I i r .  (0) Alloy 5 0 3 .  ( h )  ,411oy I 14. 

72-503 were far supei-ior io those of lieat 71-1 14. Preirradiation annealing had a marked influence on the 
properties of this alloy. As shown in Table 2 ,  i t  was pussible t o  cause di~ainatic changes in the 
postirradiation creep properties by very small changes in the preirradiation n~iirealing temperature. 

Further study of the precipitation morphology and kinetics i s  Iieeded for this alloy. These studies are 
not likely to  result in any surprises, but simply will reveal niethods f o r  controlling propeiiies by closer 
control of heat treating during processing. 



'L'nble 2. 1nfluenc:e of preirradiation annealing treatment 011 the postirradiation 
creep properties of modified Hostelluy N (heat 47 1 - 11 4) 

Irradiated at 760°C and tes ted  a t  650°C. 
I __-- I.-.--_. 

Miniriium Rupture To tal Test Preirradiation Stress creep 
rate (hr.) (2'j 

1113.0 annealb (,lo3 psi) 
(%/h r j 

life e h q a  tion 

1691 
1712 
1736 
169 2 
1746 
1719 
1683 
1706 
1786 
1715 
1792 
1777 
1737 
1693 
1694 
1720 
1794 

35 
30 
25 
35 
3 0 
25 
35 
30 
30 
25 
20 
47 
40 
35 
35 
25 
15 

4.7 
6.0 

96.2 
0 7 
3 4  

171.5 
1.6 

93.6 

1463.6' 
2850.0 

27.3 
223.0 
663 3 

0.3 
60.0 

2752.1 

~ 

0.014 
0 .(I 1 CJ 

0.20 
0.029 
0.0009 
0.17 
0.029 

0 .(J02 2 

0 .CJ(i4 2 
0.0010 
0.090 
0.01 1 
0.0044 
0.3 
0.0028 
0.0r)06 

0.33 
0.48 
0.78 
0.22 
0.36 
1.8 
2.3 
3.6 

8.G 
s . l  
7.1 
3.6 
4 .o 
2.7 
0.3s 
2 1  

- 

a K  scries. 
"A = annealed 1 h r  at  1038°C in argon; B = arinealed 1 hr  ;IT 

1093°C in argon; C = annealed 1 hr at 1177°C in argon: D = annealed I 
hr  at 1204'C: in argon; C = annealed 1 hr at 1260°C: in argon. 

"Discontinued before failure. 

Irradiatiori Embrittlement- Nb-modified Alloys 

Fabricat ion 

Because work began larer on tlie Nb-modified alloys t11;in on the titatiiiini-modified alloys, the 
fabricafion experience was riot as extcnsive. About fifty 2-lb laboratory iiiells containing tip to 4.4% Nb 
were nielted and fabricated into I /4-in.-diain rod, and five coniniercial melts about 50 lb each were nielted 
and fabricated into 1/2-in.-thick plates. These alloys fabricated well by using the same annealing and 
working temperatures used for  standard Hastelloy N. 

Weldability 

Test welds (gas tungsten arc) were niade in all five o f  the commercial Nb-containing heats. They were 
prepared by itsing the s:inic welding parameters used for standard Hastelloy N. Rend specimens frorn :ill 
heats bent without evidence of cracking. Thus the weldability of ltiese materials appears excelleri t .  

Creep Strength 

The creep testing pi ogram on the Nb-moclified alloys was still 111 thc begu-tiiing stages, but sufficient 
data were obtained to show that Nb tiad veiy beneficial efuect!:. The influence of Nb content on the 100-hr 
nlpttire stress is illustrated in Fig. 15. The properties of :I typical heat of standard llastelloy N itre shown by 
the hontontal lines on the right-hand side of the figure. At 650°C the effects o f  Nb are linear 1119 to about 
1.5% Nb,  and further additions have a h e r  effect. Iiradiation at 650 and 704°C with subsequent testing at 
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ORMB- DWG '17-5449 

60 

50 
___I - 400 hr 

STRESS 
RUPTURE 4o rr___ 

(ksil 30 
I 

I 

650°C resulted in progressively lower strengths, but the strength variation with niobiuni content paralleled 
that o f  the unirradiated material. Irradiation at 760°C resulted in drastic degradation of properties for all 
alloys except those containing 3.5% or more Nb. 

The influence o f  Nb on creep strain is shown in  fig^ 16. Niobium additions up to approxiniately 1.5% 
have a large strengthening effect with a much lesser effect at higher niobium concentrations. Alloys 
containing 0.5% or more Nb are stronger than standard Hasteiloy N .  

The fracture strain is the parameter of most concern. The influence of Nb on this parameter is shown 
in 1;ig. 17. In the unirradiated condition Nb has a beneficial effect up to about 3.370, and the ductility 
diminishes at higher Nb concentrations. The ductility of specimens irradiated and tested at 650°C was the 
same as that of unirradiated specimens. Irradiation at 704 and 760°C resulted in much lower fracture 
strains, but niobium had a beneficial effect. 'rhus, these data show that niobium improves the resistance o f  
Hastelloy N to  irradiation embrittlement, but that the alloys are likely not useful at opzrating temperatures 
much above 650°C. 

ORNL-DWG 77-5145 

STRESS 
TO PRODUCE 
1% STRAIN 
IN I 0 0  hr 

(ksi 1 

Fig. 16. Influence of Nb content on 
the creep properties of modified Has- 
telloy N at 650°C. 

55 

5 0  
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w__ 
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ORNL-DWG 77-5446 

UNIRRAD. 
650°C - 
704OC __ 

f 1:: 17 .  Infliirncc of N b  contmr on 
0 1 2 3 4 STD thc fixture <train ( i f  i t ~ ~ ~ d ~ i l c d  Haatelli~y 

760: $ = 
Nb CONTENT (70) N a t  650°C. 

Salt Corrosion 

Niobium forms a very stable fluoride, so Nb would be removed from tile alloy by the salt. However, 
the process would be lirnited by the diffusion of Nb to the specimen surface. 111. is very iinljkely that Nb 
diffuses more rapidly than Cr; so, at worst, the presence of 1 to 2% N'o can be likerietl to increasing tile 
chromium content from 7% to 8 to 9%. Limited corrosion measurements in rhermal cozrvesticin and forced 
circulation loops indicated very good corrosion resistance of' h%-inodjfied alloys.2 ' Altliougli further 
corrosion me;isurernents need to  be made, it is very unlikely that corrosion in ball will posc a problem with 
the N'b -modi fie d alloys. 

Microstructural F'eatuses 

Very limited inicrostructual studies showed that the car h i e s  IR che Nb-rmdified dloys behave 
qudht&vefy rlie same as those in the TI-modified alloys. Solution annealuig A t  1 175"(' mriied to hc nearer 
a true solution anneal for the Nb-modified alloys, wth most of fhr: carbon bein:; in solid solution at tfus 
tcinperature. During subsequent exposure at typical service tcmpcratures (e.p , 650°C) fine carbides of the 
MC type precLpitated Fig. 18 shows the piecipitates h i t  formed at  h50"r, m d  !-ig. I9 bows how 

m 
(1 

'S. 

1 1 )  

(1 T I )  f 
io 2 21 i6 1 51 

Fig. 18. Unstressed portion of 1%-Nb-modified Has- Fig. 19. Specimen of 1%-Nbinodifieied HasteUoy N 
solution ;tnneak:d and stressed at 40,000 psi and 650°C for 
1175 Iir. Original magnification: 25,000X. 

telloy N solution annealed at 650°C for 1175 hr. Original 
magnification: 25,000X I 
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dislocations interacted with these precipitates in a stressed sample. l’hese precipitates would also act as very 
effective pinning sites for He. 

llie precipitates were extracted from some of these specimens and were found to  consist of two 
face-centered cubic carbides having lattice parameters of 4.280 and 4.1 75 a. X-ray fluorescence analyses of 
the extracted precipitates showed the presence of Mo, Nb. Cr,  Ni, and Zr in the order of decreasing 
concentration. By transmission electron inicroscopy it was found that both carbides were epitaxially 
oriented with the matrix the [ l  I 11 planes of the carbide and of the rliatrix being parallel to each 
otlier .z 2 

- 

Irradiation Emhkattlement--Ti/Wb-rsmodified Alloys 

Alloys containing Nb and Ti were not pursued adequately t o  obtain a very complete understanding, 
but they had a number of interesting features. Alloys with sinall conceiitrations of Nb and Ti (e.g., 1% 
each) had very attractive pre- and postirradiation properties. They were strong and had fracture strains from 
10 to  255% in the irradiated condition. 

Alloys that contained higher amounts of Nb and Ti (e.g., 27L each) were very strong. They formed a 
stress-induced precipitate, probably 7’.  that made them strong with moderate ductility in the unirradiated 
condition. Some of the features of these alloys were presented previously.2 In the irradiated conditions 
these alloys were strong but brittle. 

Alloys with medium concentrations of niobium and titanium (e.g., 1 % each) have very attractive 
propeities in the irradiated and unirradiated conditions. Alloys with higher amounts of Nb arid Ti are very 
str-ong and may be useful for nonnuclear applications. In the medium-concentration alloys no y’ was found, 
and the strengthening was attributed to  combined solid solution and carbide strengthening mechanisms. In 
the higher concentration alloys, y’ was formed and its formation was accelerated by stress. ‘l’hese alloys are 
very coinplex and were not studied sufficiently to fully understand the phase relationships. 

Tellurium Embrittlement Screening ‘Tests on ‘Ti/Nb-modified ,4lloys 

Approximately 50 experiments involving some 2000 specimens were performed in which several alloys 
were exposed to  tellurium. Several of these experiments were performed in learning how t o  expose 
specimens under reasonable conditions, and they did not provide useful materials information. The most 
realistic and reproducible method involved exposing metal specimens to salt containing Cr3Te4 and Cr,Te6 
at 700°C. This method is shown schematically i n  the right-hand side of Fig. 5 .  I l ie last specimens examined 
from this experiment were exposed for 2500 hours. Selected specimens from this experiment illustrate our 
general findings in this program. Photomicrographs of these specimens are shown in Fig. 20, and the 
chemical analyses are given in Table 3. Standard Hastelloy N [Fig. 2O(u)] was embrittled under these 
conditions. ‘Type 304 stainless steel [Fig. 20(h)] was roughened because of corrosion by the salt, but there 
is no evidence of intergranular ernbrittlement. Hastelby S [Fig. 20(c)] and Inconel 600 [Fig. ZO(d)] both 
contain nominally 15%) of Cr, but they were ernbrittlcd by the tellurium. Hastelloy N modified with 1.75%; 
Ti was embrittled [Fig. 2O(e)] . Alloy SO6 contained 14.55% Cr [Fig. 2001  and was embrittled as severely 
as IIastelloy N containing 7% Cr. Alloys 516 [Fig. 20(g)] ,421543 [Fig. 20(/7)], 517 [Fig. 20(i)], 525 [Fig. 
2 0 0 ) ] ,  and 528 [Fig. 2 0 ( k ) ]  contained <0.10, 0.70, 1 .lo, 1.5)  and 4.4% Nb, respectively. The severity of 

. . . . . . . . .... .. I 

22D.  N.  Braski, OKNL,  personal colnmuiiication, 1976. 
23H.  E. McCoy, Jr.,  R. E. Ckhlbach, and B. McNabb, “ lkvc lopmcn t  v C  Ne\% Nickel-Base Alloys for High-Tenipcratiire 

Service.” pp. 215-58 in Space Sliutfle .Marciialr, National SAMPI: Tccliliical Cont’ereilce (proceeding\), Society of 
Aerospace Matcrial and Process Engineers. IIuntsville. Alabama, Oct. 5 -7 .  197 1. 
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Fig. 20. Photornicrographs of several alloys exposed to salt containing Cr5Te6 and Cr3Te4 for 2500 hr a t  700°C and 
strained to failure at room temperature. (a:) Standard Htistelloy N.  (b )  304 stainless steel. (c) Hastelloy S. (d) Inconel 600. 
( e )  Alloy 414533. 0 Alloy 506. 

Fig. 20 (concluded). Photomlcrographb of several alloys exposed to s d l  containing CrgTe6 and Cr3Te4 for 2500 hr at 
700°C and strained to fdilurc at r o a n  temperature. E) Alloy 516. ( h )  Alloy 421543. ti) Alloy 5 17. 0') Alloy 525. ck) Alloy 
528. (!I Alloy 5 18. 



Table 3. Chemical analyses of alloys 

Alloys were exposed to salt containing Cr3-le, and Cr4Tc5 for 2500 hr  at 700°C. 

Ccnceritra:ion of elenienP (wt 5%) 

Ni  M o  Cr Fe Mn C Si Ti Nb AI co cu La Ni W 
AIioy AiIoy no. 

Type 304 steinless xeel I39969 9.3 5 18.5 Hal 1.51 G.027 0.45 h b b 
Inconel600 NX6372G 531 - 15.13' 9.17' 0.27' 0.SO' 0.09' 0.3 I' 
I-Iastelloy s 476316 Bd 14.16' 15.05' 0.47' 0.52' 0.003' 0.38' 0.27' 0. SU' 
Mastelloy N 405065 BaI 16.0 7.1 4.0 0.55 0.06 0.57 <O.Oi 5 0.03 

421543 Bal 12.4 7.31 0.038 0.08 0.05 0.014 0.003 0.70 0.02 
Modified Hastelloy N 474533 Bal 11.37 7 . 3  0.03' 0.04 0.09i 0.15 1 .75 6 0.54 0.03' 0.14' 

411 Ual 11.71 6.?8 b 0.1 0.043 b b 1.15  b 
413 Bal 11.82 6.75 b 0.1 0.045 b 0.9 1.13 6 
506 Bal 11.97 14.5 b 0.22 0.037 b <0.01 <0.02 0.10 
516 Bal 10.58 7.3 <0.05 0.20 0.049 4 . 0 2  <0.02 <0.10 0.05 
517 BaI 11.45 7.10 <0.05 <0.01 0.045 <0.02 <0.02 1.10 0.03 
518 Bal 11.55 7.18 4 . 0 5  0.20 0.040 0.05 0.95 0.96 0.10 
525 Bal 12d 7.17 5 C J . ~ ~  0.05d b C0.02 1.5 O.ld 
528 Ed 12d 7d b ' 0.2d 0.05d b <0.02 4.4 0.ld 

"Bal = balance. 'Vendor's analysis. 
bh:ot analyzed, but no intentional addition made of this element. dNol analyzed, but nominal concentration indicated. 
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crxking decreased steadily with increasing Nb content through 1.5%, dnd thcn increased again at higher 
concentrations. In inteipreting these photomicrographs, the readei nmst re:ili/e that the process of 
deforining the specimens to failure after the exposure to tellurium pioduces some cracks. Tile few (iacks i n  

bigs. 20(i)J and 200) are of the typc produced by deforniation. whereas the cracks in Fig. 20(k) ilre of thc 
type that we associated with intergianulai Te ernbrittlcment. ']Titanium and Nb were both presenf in dlloy 
51 8 [Fig. 20(1)1 ,and this alloy was more severely ernbrittled thaii alloy 51 7 (Fig. 20(1)] ,which contdined only 
Nl,. 

The niobium-modified alloys were included in severdl expetiments. As just  discussed, sainple> 
containing from 0 to 4.4% Nb weie exposed for several different times i n  salt containing Cr3Tc4 and 
Cr, Te,. The crack depths and frequencies were detei mined optically 011 polished cross sections o f  the  

deformed test specimens Because both the  depth and frequency of cracking are important, these two 
paiarneters were multiplied together t o  gve a new pdrametei. This product is shokvn In Fig. 21 fo r  
Nb-modified alloys that were exposed 250, 1000, and 2500 hr. These results sliow a definite miiiimuni iii 

the craclung severity as it function of Nb content, with the  least severe ciachng in d loys  containing froin 1 
to 2% Nb. One disturbing trend is that the curves for s~iccess~ve Iiiiies ai-6 approxiinatcly pdrallzl. This seeins 
to indicate that even the most resistant alloys containing 1 t o  2% Nb ut i  being enibrittled by trlliiriuni. This 

ORNL-DWG 7 7 - 9 2 2 1  

Fig. 21. Vmations of scverity of cracking 
with Nb content. Sdmples were q ~ o s e d  for 
indicated times to salt containing C'r3Te4 and 
Cr5Te6 at 700°C. 
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behavior creatcs some difficulty in extrapolating from these 2500-hr experiments to a reactor lifetime of 30 
years (230,000 hr). 

These same Nb-bearing alloys were included in a pot experiment where the salt contained Ni3Te2 and 
Ni as the Te source. These experiments indicated that the Te activity associated with the Ni3Te2 f Ni 
source was slightly lower than that associated with the Cr,Te, t Cr,Te6 source. Photomicrographs of 
several of the specimens are shown in Fig. 22. They demonstrate again that the minimum cracking occurred 
in alloys containing 1 to 2% Nb. 

100 200 MICRONS 600 700 

0.605 0.010 INCHES 0.020 0.025 
-rl + .... J .... ~~ ~1 J. ...,...... 1 .... 

Fig. 22. Effect of niobium on the tellurium emhrittlement of Hastelloy N that had been exposed approximately 3000 
hr at 700°C to Lil;/HeF’2/ThF4 (72, 16, 12 mole %, respectively) containing Ni3TeZ and Ni. (a) 0% Nb. ( b )  1.1% Nb. 
(c) 2.0% Nb. ( d )  4.1% Nb. 



Several unstressed specimens were int:lrrded in sortie salt chatnbers containing Cr, Ted and Cr, Te, for  
about 6500 liours at 700°C. 'These sampli:s w e t e  c-iefonned t o  hi lure  arid exarrlined n,etallo_prapl~ically. l'lxe 
photomicrographs i11 Fig. 23 show iliat the ;illoys contairlirlg 0.7 aricl 1 .I 5% Nb (alloys 421 543 ar1d 41 1 ~ 

respectively) resisted embritllernent by tellurium, and the alloy- conlaining 1.1 3% Nib and O.Cl%, Ti (alloy 
41 3) did form intergrariular cracks. These results slww that the Nb alloy ltddition i s  herlefic-iai in resisting 
Te embrittlenlent, but that the presence of titanium in addition to the niobiunl rlegated the belleficial 
effects of Nb. 

The observations made in this study have only ibcen partially presented iri this report, but  they 
repeatedly indicated several important effects of. alloy composil ior l  on the extent o f  cmbrittlement by 
tellurium: 

1.  Iron-base alloys are not subject to intergranular ernbrittlernent by'telluriunl~ but it is ulllikely that 
their corrosion rate i n  fuel salts is acceptably low. 

Fig. 23. Photoinicrographs of specimens exposed to salt containing Cr.3're4 and fr5Te6 for about 6500 11r at 700°C. 
lhey  were deformed to failurc at room temperature and exaniincd ~iietallograpi~ihally. (e) Alloy 421543. (t) Alloy 41 1. 
(c) Alloy 413. 

_. 
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2 .  Chromiiini additions of about 23% to nickel-base alloys reduce the extent of embrittleinent, but 
additions of 15% are not effective. It is doubtful whether the corrosion rates in salt of alloys 
containing 23% Cr are acceptable. 
Titanium (studied in levels up to  2%) is not effective in reducing intergranular embrittlement of 
Hastelloy N by tellurium. 
Niobium additions to  Hastelloy N are beneficial in reducing intergraniilar tellurium embrittlement. 
The maximum benefit occurred at niobium levels of 1 to 2%. 
The presence of Ti in alloys modified with Nb negated the beneficial effects of the Nb. 

3 .  

4. 

5 .  

Telluriuin Embrittlernent --In-reactor Capsules 

Four fueled experiments were designed, fabricated, irradiated in the ORR, and were partially 
examined. In these experiments the material under study was fabricated into a tube 1/2 in. outer diam by 4 
in. long, and this tube was paha l ly  filled with salt containing LiF/BeF,/Zrl;,/233UFq/238UF, (63.5, 
29.0, 5.0, 1.0, 1.5 mole %, respectively). The nietal/salt interface temperature was 700"C, and the 
irradiation time was 1100 to 1200 lir. The rate of tellurium generation was 1.3 X 1010 atoms sec- cn i -2 .  
The experiment was evaluated by cutting small metal rings from the fuel capsule and deforming them t o  
crack embrittled grain boundaries. The rings were examined metallographically to  determine the extent of 
cracking. The salt from the rings could be analyzed to obtain fission-product concentrations, and the metal 
rings could be successively acid leached and analyzed to obtain depth of fission product penetration into 
the metal .  

The details of the design of these capsules, the steps in preparing the fuel change and transferring the 
fuel into the pins, the assembly of the pins into an irradiation capsule, irradiation of the pins, and 
postirradiation examination of the pins represented highly technical tasks that required the skills and 
resources of the entire Molten-Salt Reactor Program. Some of the details of the effort are given in the 
progress report for the pr0gran-1 .~~ Tirrie was not available to  make sufficient tests, and it was not possible to  
analyze adequately the tests that were performed. 

A schematic drawing of an assembled irradiation capsule is shown in Fig. 24. Three alloys could be 
studied in each experiment, and the twelve alloys investigated are- 

Experimerit No. Allo,v 

1 Hastelloy N (standard) 
Type 304 stainless steel 
Inconel 601 (23% Cr) 
Inconel600 (1 5% Cr) 
Hastelloy N (2% Ti) 
Hastelloy N (2% Ti, 0.01% La) 
Hastelloy N (0.5% Nb, 2% TI) 
IIastelloy N (1% Nb, 2% Ti) 
€Iastelloy N (1%Nb. l%'Pi )  
Hastelloy N (7% Cr,  0.5% Nb) 
Hastelloy N (7% Cr, 1% Nb)  
Hastelloy N (15% Cr, 1% Nb, 1% Ti) 

24L. E. McNcese, MoltemSalt Reactor Progrum Semiannu. Prog. Rep. Feb. 29, 1976, ORNL-5132, pp. 127-61. 
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ORNL-DWG 77-5t34 

Fig. 24. Schcinatic diugraiii o f  threc 
fuel pins assembled for irradiation. The 
tubuldr fuel pins are the test materials. 
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MSR FUEL SALT 
HEATERCOIL 3 

TeGen-3 17 11-Lg Nb-Modified 
IJaStellCJy N 

Unfortunately, these alloys were selected before the surprising finding that iilloys containing Ti or Ti plus 
Nb were embrittled by tellurium. 

Typical photomicrographs of defornicd rings from wine or the experiments are given ixi Figs. 25 and 
26. Ilastelloy N forinecl intergranular cracks like those observed in material from the MSRE and iii ouI 
screening experiments (Fig. 27); therefore, it is the cxperiiiientai method that produced t h i s  phenornenon. 
Type 304 stainless steel formed very shallow cracks and they niay have been due to fission products other 
than Te. Inconel 601 contained 23% C r  arid totally resisted cracking, as was oliseived in laboratory 
experiments. Alloys containing 77% Cr and 2% 'Ti and those containing 15% Cr, 1% N b ,  and 1% Ti formed 
intergranular cracks (Fig. 26). An alloy coiitaining 7% Cr and 1% Nb did not fonn the fine intergranular 
cracks characteristic of Te entbrittlenient. These observations agree wilh the laboratory experiments 
described in the previous section. 
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O R N L -  DING 7 1 - - 5 1 3 7  

HASTEILL OY N (7 C r )  

304 SS (Fe  BASE) 

I N C 0 N k . l  601 ( 2 3  C r )  
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Fig. 25. Strained tubular sections of thrce materials from first in-reactor fueled experiment. 

ORNL-DWG 77--5138 
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Fig. 26. Strained tubular segments of three materials cxposcd In in-reactor fueled experiincr,is. 
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ORNL. Pl'Otu 3157-75 

.. 
'7 

Fig. 27. Intergranular crack formation in standard Ilastclloy N as a result o f  exposure of Ti:-containing environir~entu. 

Tellurium Embrittlemerit --Chemical Equilibria 

The influence of oxidation state was studied by Keiser25 HI a veael containing fuel salt with Cr31'e4 
and Cr,Te6. The experiment liad elzctrochenncal probes for determining the ratio of uraniurti in the +4 
state (LJF4) to that in the +3 state (UF,) The salt was made ~iiort! oxididng by adding NiF, and inore 
reducing by adding Be Tensile specimens of standard Hastelloy N wele suspended in the salt for about 260 
lu at 700°C. The oxidation state o f  the salt was stabilized, and the specimens were ltlszrted so that each set 
of specimens was only exposed to one condltion. After exposure, the specimens were strained to failure and 
were examined metallographically to  determine the extent uf crdcking. 

*' 1. R Keiser, Status of Telhiriitm-Hastelloy NStiidies in Molten Fluoride Salts, ORNI,/TM-GOOZ, October, 1977. 



The results of crack measurements on specimens at several oxidation states are shown in Fig. 28. There 
is a very dramatic effect of oxidation state. At U4+/U3+ ratios of 60 or less there was very little cracking, 
and at  ratios above 80 the cracking was extensive. Representative photomicrographs of some of the 
specimens are shown in Fig. 29. 

These observations offer encouragement that a reactor could be operated in a chemical regime where 
the tellurjum would not be embrittlirig even to standard Hastelloy N. The results in Fig. 28  indicate that at 
least 1.6% of the uranium must be in the +3 oxidation state (UF3), and this condition seems quite 
reasonable from chemical and practical considerations. These experiments obviously did not involve several 
factors that would be encountered in a reactor, namely, other fission products, flowing salt, and 
temperature gradients. From our current level of understanding, these factors will not change the basic 
equilibrium even though reaction kinetics may be altered. 

ORNL-DWG 77-4680 
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. . . .  ...... 

Fig. 29. Photomicrographs of Hastelluy N exposed approximately 260 h r  700°C to  MSBR fuel salt coiltaii1ing 
C r 1 2 ,  Cr3Tc4, and Cr5Te6. (a) U4+/U"' = 10. ( b )  1!41/1J3+ = 30. (c) U4'/U3' = 60. !d) U4+/U"' = 8.5. ( e )  1J4+/U3+ = 

300. 
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OVERALL ASSESSMENT 

Studies of irradiation embrittlement and intergranular tellurium embrittlement have progressed to  the 
point where suitable options are available. The postirradiation creep properties were acceptable for 
Hastelloy N modified with 2% of Ti, 1 to  4% of Nb, or about 1% each of Nb and Ti. The 2%-'Ti-modified 
alloy was made into a number of products, and some problems with cracking during annealing were 
encountered. The other alloys were only fabricated into 1/2-in.-thick plates and 1/4-in.-diam rods, and no 
problems were encountered. All alloys had excellent weldability. There are no obvious reasons why all of 
these alloys cannot be fabricated after development of suitable scale-up techniques. 

The resistance of all these alloys to irradiation embrittlement depends upon the formation of a fine 
dispersion of MC type carbide particles. These particles act as sites for trapping He and prevent it from 
reaching the grain boundaries where it is embrittling. These alloys would be annealed after fabrication into 
basic structural shapes and the fine carbides would precipitate during service in the temperature range from 
500 to 650°C. If the service temperature exceeds this range by much, the carbides begin to coarsen, and the 
resistance to irradiation embrittlenient diminishes. Algthough some heats of the 2%-Ti-modified alloys and 
3- to  476-Nb-modified alloys had acceptable properties after irradiation at 760"C, it is very questionable 
whether these alloys can realistically be viewed for service temperatures above 650°C. 

One very important development related to intergranular embrittlement by tellurium was a number of 
experimental methods for exposing test metals to tellurium under fairly realistic conditions. The use of 
metal tellurides that produce low partial pressures of tellurium at 700°C as sources of tellurium provided 
experimental ease and flexibility. The in-reactor fuel capsules also proved very effective experiments for 
exposing metals to tellurium and other fission products. The observation that the severity of cracking in 
standard Hastelloy N was influenced by the oxidation state of the salts adds the further experimental 
complexity that the oxidation state must be known and controllable in all experiments involving tellurium. 

It is unfortunate that Ti-modified alloys were developed so far because of their good resistance to 
irradiation embrittlement before it was learned that the titanium addition even in conjunction with Nb 
resulted in alloys that were embrittled by Te as badly as standard Hastelloy N. However, this situation was 
due to the time spread of almost 6 years between discovery of the two problems and could not be 
prevented. The addition of 1 to 2% of Nb to I-lastelloy N resulted in alloys with improved resistance to 
intergranular cracking by tellurium but that did not totally resist cracking. Samples of these alloys were 
exposed to  Tc-containing environments for 6500 hr at 700°C with very favorable results. However, cyclic 
tests where crack propagation is being measured in the presence of Te will be required to  clarify whether 
the Nb-modified alloys have adequate resistance to Te. The mechanism of the improved cracking resistance 
due to  the presence of Nb in the alloy is not known, but it is hypothesized that the Nb forms 
surface-reaction layers with the Te in preference to its diffusion into the metal along the grain boundaries. 

The screening experiments with various alloys elucidated some other possibilities. Nickel-base alloys 
containing 23% Cr (Inconel 601) resisted cracking, whereas alloys containing 15% Cr (Inconel 600, 
Hastelloy S, and Cr-modified I-Iastelloy N) were cracked as badly as standard Hastelloy N. However, it is 
questionable whether the corrosion rate of alloys containing 23% Cr would be acceptable in salt. Type 304 
stainless steel and several other iron-base alloys were observed to  resist intergranular embrittlement, but 
these alloys also have questionable corrosion resistance in fuel salts. It is possible that a salt can be made 
adequately reducing to  allow iron-base alloys to be used. This possibility must be pursued experimentally, 
because thermodyriamic and kinetic data are not available to allow an analytical determination. 

Mamy doors are opened by the discovery that cracking severity was influenced by the oxidation state of 
the salt, and that the salt could be rnade sufficiently reducing to prevent cracking in standard Hastelloy N. 
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Thus, alloys containing Ti could be used to take advantage of their excellent resistance to irradiation 
damage if they were protected from cracking by Te. Ever1 standard [Iastelloy N could bz used in part of the 
system where the neutron flux was very low. 

The research toward finding a material for constructing a molten-salt reactor that has adequate 
resistance to irradiation embrittleinent and intergranular cracking by telluriurn has progressed. Our findings 
suggest very strongly that a molten-salt reactor could be constructed of 1 - to 2%-Nb-niodified Hastelloy N 
and operated very satisfactorily at 650°C. A nuinber of other materials options exist, which when 
developed codd lead to cost savings, improved performance, and greater reliability. 
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