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Abstract A Molten-Salt Reactor Program for civilian power applications was initiated at the Oak Ridge 
National Laboratory in 1956. In 1965 the Molten Salt Reactor Experiment (MSRE) went critical and 
was successfully operated for several years. Operation of the MSRE revealed two deficiencies in the 
Hastelloy N alloy that had been developed specifically for molten-salt systems. The alloy embrittled at 
elevated temperatures as a result of exposure to thermal neutrons (radiation damage) and grain 
boundary embrittlement occurred in materials exposed to fuel salt Intergranular cracking was found 
to be associated with fission products, viz. tellurium. An improved Hastelloy N composition was 
subsequently developed that had better resistance to both of these problems. However, the discovery 
that fission product cracking could be significantly decreased by making the salt sufficiently reducing 
offers the prospect of improved compatibility with molten salts containing fission products and 
resistance to radiation damage in ABC applications. Recommendations are made regarding the types 
of corrosion tests and mechanistic studies needed to qualify materials for operation with PuF3-containing 
molten salts. 

INTRODUCTION 

Fused fluoride mixtures containing PuF 3 are being considered as the blanket material 
for accelerator-based systems proposed for plutonium disposition. Because of their high 
boiling points, these mixtures can be contained at low pressures even at relatively high 
operating temperatures. Their chemical and physical properties impart additional 
advantages such as stability under irradiation and chemical compatibility with a variety of 
containment and neutron moderator materials. The reference salt mixtures under 
consideration for accelerator-based plutonium conversion systems (ABCs) are modelled after 
mixtures that were developed for the Molten Salt Reactor (MSR) program, conducted at 
Oak Ridge National Laboratory during the 1950's to early 1970's. These mixtures were 
based on the eutectic LiF-BeF2 system containing small percentages of UF 4 and, for some 
concepts, larger percentages of ThF4. The present paper reviews the materials 
developments underlying the MSR program and relates them to the materials requirements 
for the ABC PuF3-containing blanket The selection of structural and moderator materials 
is discussed in terms of their chemical compatibility with the fluoride fuel mixtures and their 
neutron radiation damage characteristics. The paper then addresses the ABC materials 
issues and needs in the implementation of a molten fluoride blanket. 

SELECTION OF CONSTRUCTION MATERIAL 

The development of reactors that incorporate a circulating molten fluoride fuel is 
predicated on the availability of a construction material that will contain the salt over long 
time periods and also afford useful mechanical properties. The container material must also 
be resistant to air oxidation, be easily formed and welded into relatively complicated shapes, 
and be metallurgically stable over a wide temperature range. For initial MSR studies, 
several commercially available high temperature alloy systems were evaluated with respect 
to the aforementioned requirements [1,21. As a result of these initial studies, Inconel 600, 
a nickel based alloy containing 15% Cr and 7% Fe, was found to afford the best 
combination of desired properties and was utilized as a container for the construction of the 



Aircraft Reactor Experiment [3]. Corrosion rates encountered with this alloy at 700 *C and 
above, however, were excessive for long-term use with most fluoride fuel systems. Utilizing 
experience gained in corrosion testing of commercial alloys, an alloy development program 
was conducted to provide an advanced container material for MSR systems. The reference 
alloy system was composed of nickel with a primary strengthening addition of 15-20% Mo. 
This composition afforded exceptional resistance to salt attack but lacked sufficient 
mechanical strength and oxidation resistance at the desired service temperature. To 
augment these latter properties, additions of various solid-solution alloying agents were 
evaluated, among them Cr, Al, Ti, Nb, Fe, V, and W. An optimum alloy composition was 
selected on the basis of parallel investigations.of the mechanical and corrosion properties 
which were imparted by each of these additions. The composition best suited to reactor use 
was determined to be within the range 15-17% Mo, 6-8% Cr, 4-6% Fe, 0.04-0.08 C, balance 
Ni. This alloy was commercialized under the trade name Hastelloy N. 

A 7.4 MW test reactor, the Molten Salt Reactor Experiment (MSRE), was constructed 
of Hastelloy N and became critical in 1965. The reactor operated successfully for four years 
and verified the excellent corrosion resistance of the alloy to the UF4-containing LiF-BeF2 

salt mixture. However, operation of the MSRE revealed two potential problem areas that 
were of concern in the utilization of the Hastelloy N alloy for more advanced Molten Salt 
Breeder Reactors (MSBRs), where greater concentrations of fission products and greater 
neutron fluences would be encountered. Radiation damage, in the form of helium 
embrittlement from n,a reactions, was found to have reduced the creep ductility of the 
Hastelloy N in post-operation examinations. Also grain boundaries of the Hastelloy N 
directly exposed to the fuel salt were shown in post-operation tensile tests to have been 
embrittled to depths of 0.15-0.25 mm. Subsequent studies showed the embrittlement to be 
associated with the presence of fission product tellurium on grain boundaries that intersected 
with the salt-exposed surfaces. Accordingly, the earlier alloy Hastelloy N development 
program was extended to improve the alloy's radiation damage characteristics and resistance 
to penetration by sulfur-like fission products, such as tellurium. (These alloy modifications 
are discussed in later sections of this report.) In addition, compatibility tests were conducted 
to re-examine the possibility of using iron-based alloys as containment materials for the 
MSBR. These alloys are more resistant to tellurium penetration and also generate less 
helium from n,a reactions than nickel-based alloys. However, their use would severely limit 
the oxidation potential of the salt (in effect, the fluoride ion activity), whereas the 
Hastelloy N composition could resist attack by the reference MSBR salt components under 
virtually all sustainable reactor operating conditions. As will be discussed, these same 
materials concerns are key issues m selectingthe ABC salt blanket structural material, but 
with the condition that PuF 3 has replaced UF 4 in the salt mixture. 

Corrosion by Fluoride Mixtures 

The selection of a structural material for containment of molten fluoride salts begins 
with a consideration of the reduction-oxidation (redox) potentials of the component elements 
of the material with respect to components of the salt. Table 1 lists the standard free 
energies of formation, per gram atom of fluorine, of fluoride compounds at 527 and 727 "C 
associated with salt constituents and metals commonly used in high temperature alloys. It 
is evident that the major salt components, LiF and BeFj, are considerably more stable than 
any of fluorides of the structural metals listed, so they are unreactive with the structural 
metals. The corrosion of a variety of structural alloys by reference MSR salt mixtures has 
been found [41 to result from a combination of reactions involving impurities in the salt, 
2HF + M = MF 2 + H 2 (M = Ni, Cr, Fe) and XF 2 + Cr = CrF2 + X (X = Ni, Fe); and 
reactions involving fuel components, e.g., 2Cr + 2UF4 = CrF2 + 2UF3. 



Table 1. Standard Free Energies of Formation of Fluorides in a Molten Salt System 

-AGf(800K) -AGf(lOOOK) 
Fluoride (kcal/gram-atom of F) (kcal/gram-atom of F) 
LiF 128.9 124.3 
ThF4 111.4 107.9 
P11F3 108.2 104.5 
BeF2 107.8 104.4 
UF3 104.3 100.9 
UF4 99.3 95.9 
TiF2 84.2 80.7 
CrF2 79.8 76.6 
NbF5 73.7 71.0 
FeF2 71.0 67.9 
M0F3 67.3 64.2 
N1F2 63.7 60.1 

In all cases, the corrosion product fluorides are readily dissolved by the molten salt mixture. 
The impurity reactions can be minimized by maintaining low impurity concentrations in the 
salt and on the alloy surfaces. However, the reaction with UF 4 is intrinsic and depends on 
the redox potential of the salt, which is reflected in the activity of quadrivalent uranium ions 
in the salt compared to trivalent uranium ions. Although this redox potential can be 
adjusted to make the salt less oxidizing (for example, by exposing the salt to beryllium or 
chromium metal), the UF 3 must be restricted to a sufficiently low activity in the salt to avoid 
its disproportionation and the alloying of uranium with the containment alloy. The 
relationship between the U + 4 and U ratios and the effective fluoride ion oxidation potential 
is given in Fig. 1. The cross-hatched area in the figure indicates the ratios that were 
generally studied in corrosion tests and that were maintained in the MSRE. Relative to the 
reactions listed above, assuming equilibrium is attained, those structural metals with the 
lower free energy fluorides, such as nickel and molybdenum, are less susceptible to oxidation, 
while those with the higher free energies, such as chromium, are more prone to oxidation. 
The chemistry of Hastelloy N was tailored to achieve compatibility with UF4-containing 
salt mixtures by simply allowing the salt to "equilibrate" with the alloy. In any heat transfer 
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system, true equilibrium between the salt and the alloy is precluded by temperature 
differences in the system. Nevertheless, in a Hastelloy N closed loop system operating at 
600-700 *C, a steady-state U + 4 /U + 3 ratio is reached within a few hundred hours [51 and 
has been shown experimentally to be in the range 100 to 350. Corrosion proceeds by the 
selective oxidation of chromium at the hotter loop surfaces and the reduction and deposition 
of chromium at the cooler loop surfaces. In the case of the MSR fuel salts, the resultant 
maximum corrosion rate of Hastelloy N measured in extensive loop testing was below 
4 limjy, and a similar rate was measured on surveillance specimens in the MSRE [61. 

If a 300-series stainless steel (18%Cr-10%Ni-balance iron) is exposed to UF4-
containing salts under the same closed system conditions as described above, corrosion again 
is manifested by the selective removal of chromium from hotter loop surfaces with 
concomitant chromium deposition at cooler surfaces. However, because of the much higher 
chromium activity in the stainless compared to Hastelloy N, the extent of chromium mass 
transport is considerably greater than for Hastelloy N. Table 2 lists the operating conditions 
and corrosion rates of two stainless steel thermal convection loops that circulated LiF-BeF, 
salts containing 1 mole % and 0.3 mole % UF 4, respectively [71. The 304L loop operated 
successfully for nine years at a maximum temperature of 688*C and exhibited an average 
corrosion rate equivalent to 21.8 fim/y, based on uniform wall reduction. However, corrosion 
was actually manifested by subsurface void formation to depths >1.5 mm below the exposed 
surface. A second loop was constructed of type 316 stainless steel and operated for 4490 h. 
The corrosion rate of this loop at 650°C was slightly less than the 304L loop, but corrosion 
again was manifested by subsurface voids, in this case to a depth of 76 jum. A second 
316 stainless steel loop, whose conditions are also shown in Table 2, was operated with a 
LiF-BeF2 salt that contained no uranium, so that the oxidation potential of the salt could be 
lowered by buffering with metallic beryllium without concern for the disproportionation of 
UF 3. Before adding beryllium, the corrosion rate of the loop averaged 8 fivafy over 25,000 h 
at 650 °C After contacting the salt with a small beryllium rod, the corrosion rate was 
lowered to 2 /im/y over a 2000-h period [8]. 

Table 2. Operating Conditions of Stainless Steel Thennal Convection Loops Involving 
IiF-BeF 2 Based Molten Salts 

Salt Maximum _ 
^ P , composition temperature AT 1 ? n e 

ratt"31 (mole%) (°Q (°Q W 

304LSS LiF-BeF2-ZrF4-ThF4-UF4 
(70-23-5-1-1) 

688 100 83,520 

316 SS LiF-BeF2-ThF4-UF4 
(68-20-11.7-0.3) 

650 110 4,490 

316 SS LiF-BeF2 
(66-34) 

650 125 25,100 

Based on the above observations, the corrosion characteristics of a LiF-BeF2 salt 
containing PuF 3 in place of UF4, i.e., the reference ABC blanket salt, would depend on the 
redox potential set for the salt syjstem. If the potential is maintained in the same range as 
for the MSR program, the corrosion rate of the containment material, in terms of chromium 
and iron oxidation, should be unaffected by the replacement However, as shown in Fig. 1, 
the oxidation potential at which the plutonium activity associated with PuF 3 becomes unity 
is lower than the potential at which the activity of uranium associated with UF 3 becomes 
unity. Accordingly, it may be possible to maintain a lower oxidation potential in the PuF3-
containing salt than in the case of the uranium-containing salt without encountering alloying 



with the containment If this can be demonstrated, then the corrosion rate of an austenitic 
stainless steel may be in an acceptable range to be used as the structural material for the 
ABC blanket 

Transmutation Effects 

Depending on the neutron energies and fluxes in the ABC blanket, transmutation 
reactions may affect the salt chemistry and, accordingly, the redox potential of the salt [9]. 
The overall reactions can be represented as 

6IiF + n - *He + TF 
l i F + n - 4He + TF + n 

1 0BeF 2 + n - 2 n' + 2 4He + 2 F 
l 0BeF 2 + n - 6He + 4He + 2 F followed by 

6He - 6Li, and 6 I i + F -> 6LiF 
1 9 F + n -> 16N" - 4He followed by 

The TF and F produced by the transmutation of lithium and beryllium, respectively, will act 
to increase the oxidation potential of the salt The effect is similar to that encountered in 
the fission of UF 4 in the MSR salt, where effectively one fluorine atom per fission is free to 
oxidize or corrode the container (i.e., is not tied up with fission products). In the MSRE the 
small concentration of UF 3 in the fuel provided a reductant to buffer any oxidants resulting 
from transmutation, and a redox couple similar to UF4/UF3 could be added to the ABC 
blanket to control the transmutation effect The selection and use of redox additions is 
discussed in a companion paper [10]. The transmutation of fluoride ions ultimately results 
in the formation of O2' ions in the salt; however, whatever reductant is used to reduce 
fluorine to fluoride should also reduce the oxygen [9]. 

Fission Product Effects 

As previously described, the corrosion rate of Hastelloy N measured during operation 
of the MSRE was relatively low and of the same order as that for forced convection loops 
operating under similar temperatures. However, Hastelloy N tensile specimens which had 
been exposed to the MSRE fuel salt showed shallow surface cracks along the gage length 
at grain boundaries that connected to the salt exposed surfaces (Fig. 2). These cracks 
generally extended to depths of about 0.13 mm, but were as deep as 0.33 mm in parts 
removed from the salt plenum region of the pump bowl. Because this grain boundary 
embrittlement was found in the heat exchanger tubes where the neutron flux was 
insignificant as well as in samples exposed in the reactor core, it was concluded this cracking 
was not due to radiation effects. Controlled dissolution of samples detected/a number of 
fission products within the material; tellurium was the fission product found at the highest 
concentration. Subsequent tests showed that grain boundary embrittlement could be caused 
in Hastelloy N samples when tellurium was applied to the sample surface. Since the depth 
of cracking observed in the MSRE would not have been acceptable when extrapolated to 
the 30-year design life of a Molten-Salt Breeder Reactor, a program was undertaken to 
identify ways to prevent tellurium embrittlement of Hastelloy N. 

Investigation of the problem was approached in several ways. In-reactor experiments 
were used to evaluate the embrittlement resistance of various alloys. In another study, over 
sixty alloys were electroplated with tellurium and annealed for extended times before being 
tensile tested. No cracks formed on a number of alloys including stainless steels and 
nickel-base alloys containing more than 15% chromium. Most heats of Hastelloy N 
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Fig. 2. Hastelloy N used in experimental molten salt reactor showed intergranular cracks 
when strained. 

developed cracks, but modifications that contained 2% niobium showed better crack 
resistance than standard Hastelloy N [6]. Other tests were developed that involved exposure 
of alloy samples to molten fluoride salts containing telluride compounds. Telluride 
compounds used included Li2Te, LiTe^ Cr2Tej, Cr3Te4, C^Te ,̂ and Ni3Te2, and cracking 
resulted in Hastelloy N samples exposed to salt solutions of all but the first of these 
compounds. Modifications of Hastelloy N were independently being developed to address 
the problem of radiation embrittlement, so samples of alloys modified with different 
combinations of titanium, niobium, and chromium were also exposed in the salt solutions 
containing the tellurides. Results indicated that niobium as an alloying agent reduced 
embrittlement of Hastelloy N, but neither chromium nor niobium exhibited as strong an 
effect when titanium was included. The extent of the effect of niobium on reducing grain 
boundary embrittlement is shown in Fig. 3 [ref. 11]. 

NIOBIUM CONCENTRATION (wt %) 

Fig. 3. Effect of niobium in modified Hastelloy N on grain boundary cracking when exposed 
in salt-Cr3Te4 + CrsTe6 for 250 hr at 700-C. 

Although the effort to prevent tellurium embrittlement of grain boundaries was 
primarily directed at alloying modifications of Hastelloy N, some work was done to 
determine if chemical changes in the salt could also alter tellurium behavior. On the basis 
of electrochemical studies conducted at ORNL, which indicated tellurium could exist as a 
telluride rather than as elemental tellurium in a relatively reducing melt, standard 



Hastelloy N samples were exposed to molten salt solutions containing Cr3Te4 with variable 
oxidation potentials. The oxidation potential of the salt solution was described in terms of 
the U + 4 /U + 3 ratio (Fig. 1), and this ratio was varied between 10 and 300. Results of these 
studies are shown in Fig. 4 where it is apparent that below an oxidation potential of 
approximately 70, tellurium embrittlement of grain boundaries is greatly reduced [12]. This 
finding may be particularly significant for the PuF3-containing ABC blanket salt, which, as 
discussed above, appears more amenable to operation at lower redox potentials than the 
UF4-containing MSR fuel salts. 
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Fig. 4. Extent of tellurium embrittlement of Hastelloy N is strongly affected by oxidation 
potential of salt 

Irradiation Damage of Structural Alloys 

Nickel-Based Alloys 

Nickel-based alloys of the type proposed for an ABC with a molten salt blanket are 
relatively resistant to void swelling fl3-151 However, a high cross section for (n,or) reactions 
exists between thermal neutrons and ^ i (68% of natural nickel is "Ni). At elevated 
temperatures, helium can diffuse to grain boundaries and embrittle the alloy. Helium can 
also cause swelling by bubble formation at elevated temperatures. Finally, in certain nickel 
alloys, irradiation enhances precipitate formation, which can degrade mechanical properties. 

The irradiation damage properties of several high-nickel superalloys were studied in 
the liquid metal reactor (LMR) program [13,14]. when irradiated in the Experimental 
Breeder Reactor (EBR-H) at 463 to 575 'C and tensile tested at 234 to 785° C, ductility 
decreased to zero at test temperatures of 600 to 800'C [14]. The temperature of zero 
ductility decreased with increasing neutron fluence. This ductility loss was attributed to an 
irradiation-enhanced formation of a grain-boundary precipitate. However, the alloys were 
dropped from the LMR program before the mechanism was completely understood. 
Embrittlement was not due to elevated-temperature helium embrittlement, because little 
helium is produced by irradiation in EBR-II. 

In view of the potential application of Hastelloy N in the ABC concept, it is of interest 
to examine the radiation-damage experience for this alloy in the MSRE [61. The major 
differences between the MSRE and the ABC involve the neutron fluxes rand fluences). The 
high-energy (>0.8 MeV) neutron flux in MSRE was only 12 x 10M n/cm-s, and the thermal 
neutron flux was limited to 6.5 x 1012 n/cm2-s [15]. Much larger fluxes are expected in 
the ABC. 

During irradiation at 650 *C in the MSRE, no swelling or hardening was observed hi 
Hastelloy N. However, helium formed by (n,a) reactions of thermal neutrons with nickel 
and residual boron caused elevated-temperature helium embrittlement of the Hastelloy N, 
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as exhibited by a loss of ductility measured in tensile and creep tests at 650 *C. Fracture 
strains depended on strain rate and thermal fluence (Fig. 5). Creep-rupture strains of less 
than 0.1% were observed for the highest fluence, compared to strains that exceeded 16% 
at all strain rates for specimens aged in fluoride salt for 15,189 h at 650 "C Embrittlement 
was attributed to helium gas bubbles that were observed on grain boundaries. 

0BNL-DW6 68-4I772R 

STRAIN RATE (%/hr) 

Fig. 5. Variation of fracture strain with strain rate for Hastelloy N specimens irradiated in 
the MSRE and tested at 650 *G 

An alloy-development program demonstrated that the radiation resistance of the 
Hastelloy N could be unproved by alloying. A niobium addition increased creep strength 
and fracture strain (Fig. 6). Titanium also proved beneficial. This work resulted in the 
modified Hastelloy N composition in Table 3, where it is compared to the standard 
Hastelloy N. 

Alternative Materials 

As an alternative to high-nickel alloys, austenitic stainless steels may offer enhanced 
radiation resistance for the ABC. Because these alloys contain less nickel, less helium will 
be generated in an austenitic stainless steel than in a nickel-based alloy. Although 
conventional austenitic stainless steels (e.g., type 316) tend to be embrittled by even 
relatively small amounts of helium, their resistance to embrittlement has been enhanced 
through alloying development studies under the US. fusion reactor program [16]. Helium 
embrittlement can be minimized by the precipitation of a fine dispersion of carbide particles 
in the matrix and grain boundaries. Fine helium bubbles form on the particles and, because 
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Fig. 6. The effect of niobium additions on the creep-rapture behavior of irradiated 
Hastelloy N. 

Table 3. Nominal Composition of Standard and Modified Hastelloy N 
Norminal Composition of Hastelloy N (%) 

Standard Modified 
Ni bal bal 
Mo 16 12 
Cr 7 7 
Fe 4 0.5 
Mn 0.5 0.2 
Si 0.5 0.1 
C 0.05 0.05 
Ti+Nb — 2 
Re — 0.01 

of their large number and small size, do not grow to critical size for embrittlement. After 
irradiation at 600 °C in the mixed-spectrum High Flux Isotope Reactor (HFIR) to 17 dpa 
and 1750 appm He, the tensile ductility of the most promising of these improved alloys was 
essentially unchanged. However, irradiation behavior at temperatures greater than 600*C 
has not been determined. More advanced alloys have also been developed, but their 
irradiation properties remain to be determined. 

GRAPHITE 

Graphite in a molten-salt reactor serves no structural purpose other than to define the 
flow patterns for the salt and, of course, to support its own weight. The requirements on 
the graphite derive almost entirely from nuclear considerations-namely, stability of the 
material against radiation-induced distortion, resistance to penetration by the fuel-bearing 
salt, and non-trapping of Xe within the free-volume of the graphite pores [6]. 

Radiation Damage 

Neutron bombardment produces atomic displacements which result in vacancy-
interstitial pairs. Vacancies migrate to dislocations and collapse, interstitials combine into 
ordered interlaminar planes which assume a graphite structure with stacking faults. The 
result is that individual crystallites contract in the a-axis direction and expand in the c-axis 
direction. This is reflected in an initial macroscopic bulk contraction of the polycrystalline 
graphite, followed by bulk expansion as damage proceeds. Eventually the expansion induces 
macroscopic cracking of the graphite until mechanical disintegration occurs. During this 
progression, all of the thermo-mechanical properties are affected, and radiation-activated 
creep occurs, resembling in some detail its high-temperature thermal analogue. 



During reactor operation, internal stresses develop within the graphite due to 
temperature and flux gradients. These internal stresses are relaxed due to the radiation 
creep. At shutdown, the thermal gradients disappear and a reversed stress field immediately 
appears in the graphite. The most detailed creep data exist on the US and German 
Graphites for the high temperature gas-cooled reactor. But these graphites, because of their 
coarse granularity and large pore size, are unsatisfactory for molten salt applications. 
Conversely, the IG-100 graphite grade produced in Japan for their gas-cooled reactor 
program is generically much closer to the MSR requirements [17]. However, the dominant 
term in the constitutive equations describing mechanical properties in the presence of 
neutron and thermal gradients is the creep term [18], and the creep behavior of the fine
grained, low porosity graphites needs further evaluation. 

The operating temperature of the ABC blanket, which is on the order of 600* to 
700 "C, will be advantageous in terms of the graphite lifetime. It is precisely this 
temperature range over which graphite is the most long-lived, i.e., the point in fluence 
at which graphite has expanded back to its original unirradiated volume. For graphites 
of the type needed in for ABC service, this fluence will be of the order of 25-30 x 10 2 nvt 
(E > 50 kev) [19]. 

Salt and Gas Entrapment 

The unique character of the graphite required for a molten salt reactor relates to the 
necessity to prevent the molten salt from "soaking" into the graphite. Artificial graphites are 
generally fabricated from petroleum cokes and pitches or polymers which, on heat treatment 
to high temperatures (> 2500 *C), leave a relic carbon structure capable of crystallization. 
By necessity the evolving gases, predominantly hydrogen, must escape the structure, and this 
produces a pore texture within the graphite. Completely sealing these pores is 
impractical—the material will simply "blow-up due to internal gas pressure developed during 
heat treatment However, since the molten salts are non-wetting to graphite and possess a 
high surface tension, it is only necessary to reduce the entrance pore diameter to < 1 /xm to 
prevent salt intrusion. Fortunately, the industry is quite capable of producing materials with 
the very small pores required. Also, in the last decade, isostatic molding has become a 
standard forming technique. As a result quality has been significantly improved and cost has 
decreased for materials of the type used in the MSRE some twenty years ago. 

Gas entrapment in the graphite, specifically Xe1 3 5 and Xe137, was an additional problem 
in the MSBR because of its effect on breeding uranium from thorium and the resultant fuel 
doubling time. Fortunately, this problem should be of lesser significance in a Pu-burner 
reactor. 

SUMMARY AND RECOMMENDATIONS 

Corrosion studies and reactor operation have shown that Hastelloy N (both standard 
and modified) has excellent resistance to molten fluoride salts. As a result of studies 
conducted for the MSR program from 1956 through 1976, an extensive corrosion data base 
exists on both nickel- and iron-base alloys for UF4-containing salts. This data base provides 
a roadmap for establishing the corrosion properties for PuF3-containing salts, but additional 
corrosion testing under ABC conditions will be required to quantify corrosion rates of 
candidate structural alloys. 

Use of Hastelloy N as a containment material allows a wide latitude in possible system 
operating parameters such as the temperature and salt redox potential. However, operating 
experience in the MSRE did show that Hastelloy N was embrittled at elevated temperatures 
due to radiation-induced internal helium generation, and shallow intergranular cracking was 
associated with interactions with fission products (tellurium). Alloy development studies 
showed that Hastelloy N modified with 1-2% niobium had better resistance to irradiation 
embrittlement and to intergranular cracking by tellurium. It was also found that the severity 



of cracking by tellurium could be diminished by lowering the redox potential of the salt. 
However, since the spectrum of products from transmutation of plutonium or actinide wastes 
would be different from that investigated in the MSR program, corrosion reactions specific 
to the ABC salt chemistries must be evaluated. Included in this evaluation should be an 
assessment of lower salt redox potentials from the standpoint of allowing the use of 
austenitic stainless steels as structural materials and establishing the potentials that must be 
maintained to avoid uranium alloying with the containment 

The radiation fluence and energy spectrum poses a serious challenge for any structural 
alloy in an ABC system. A combination of high energy and thermal neutrons introduces 
different conditions from previous applications. Calculations of neutron energy spectra and 
fluxes are required so damage parameters can be determined and a better assessment of 
candidate alloys can be made. Stability of potential structural alloys under high-energy 
neutron irradiation should be determined (i.e., whether irradiation-enhanced precipitation 
in combination with helium generation causes embrittlement of nickel-base alloys). 
Techniques developed under the fusion reactor program to improve the resistance of 
austenitic stainless steels to helium embrittlement should be extended to include nickel-base 
alloys, particularly Hastelloy N. 

Graphite has long been successfully employed in nuclear reactor applications, and 
commercial graphites are available with adequate physical, corrosion, and structural 
properties for ABC service. Based on available data, it should be possible to estimate the 
lifetimes of these graphites at ABC neutron faiences once the ABC design parameters have 
been finalized. 

In summary, the selection of materials for ABC systems will require trade-offs between 
the system operating parameters and material properties in order to achieve adequate 
resistance to salt corrosion, fission product cracking, and radiation resistance. 
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