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1. PROGRAM PLAN OVERVIEW

1.1 INTRODUCTION AND SUMMARY

The objective of developing breeder reactors is to obtain a reliable
and abundant source of energy through efficient use of our uranium and
thorium resources. Molten-salt breeder reactors have attributes of
fuel utilization, economics, and safety that make them well suited to
this objective.1 The highly successful operating experience of the
Molten-Salt Reactor Experiment and the developments in chemical proc-
esses that have allowed an important simplification in the breeder
concept support the belief that reactors having these characteristics
can be successfully developed. Because they differ in many aspects
from solid~fuel fast breeder reactors, MSBRs provide good insurance
for the nation's energy supply in case major obstacles are encountered
by the other concepts. In addition, the ability of the molten-salt
reactor to be started up as a breeder or operated economically as a
converter on plutonium, 235U, or 233U makes it particularly suitable
as a companion for other types of reactors in a balanced fuel economy.
It is believed that a strongly motivated and adequately funded program
can lead to molten-salt breeder reactors that can play a major role in
providing for our future energy needs.

This program plan for the development of the molten-salt breeder reactor
(MSBR) is based on two primary ground rules provided by the AEC. First,
a program will be undertaken to resolve the major uncertainties concern-
ing the technical feasibility of molten-salt breeder reactors. Then,
assuming favorable resolution of these uncertainties, development will
proceed in support of design and construction of a molten-salt test
reactor. The planning studies indicate that the crucial problem and
critical path item during the first phase of the work is demonstration
of an alloy for the structural material of the reactor primary system.
The alloy must have satisfactory resistance to surface cracking when
under stress in contact with the fuel salt in a reactor environment,
satisfactory corrosion resistance in fuel and coolant salts, and
satisfactory mechanical properties over the long-term under reactor
conditions.

In addition to demonstrating an acceptable material of construction for

the primary circuit, it is desirable to demonstrate, at least in principle,

the solutions to several other problems of molten-salt reactors before
proceeding with construction of a test reactor. A method should be
demonstrated for preventing tritium that is produced in large quantity

in the reactor fuel from transferring through the secondary coolant into
the steam system from which it would be released to the environment. In-
formation should be provided to assure that sodium fluoroborate will be
satisfactory for use as the secondary coolant of a breeder reactor or
that there is an acceptable alternate coolant. More complete information
should be obtained on the level of oxide contamination in the proposed
fuel salt that would cause troublesome precipitation of uranium from the

1-1
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salt. The principles of any processes found necessary to control the
oxide concentration should be demonstrated.

Some further assurance should be provided that graphite can be obtained
commercially that will satisfy the minimum requirements for the core of

a large breeder reactor. Continuous on-line processing of the fuel will
be necessary to achieve a positive breeding gain in a molten-salt reactor.
Operation of the major process steps in engineering equipment should be
demonstrated.

Additional studies should be made for certain aspects of the reference
design MSBR in order to assure that an acceptable reference design has
been obtained. Finally, it will be necessary to show in a conceptual
design that the proposed test reactor is feasible to build and maintain,
that it can be operated safely, and that it can be expected to provide
the information needed for proceeding with a larger demonstration plant.

It is estimated that with the funding currently projected for the Molten-
Salt Reactor Program these objectives can be achieved by the end of FY
1978. Conceptual design of a test reactor (estimated total cost, $450
million in FY 1975 dollars) and a test reactor mockup (estimated total
cost, $50 million in FY 1975 dollars) would be completed during FY 1979
for supporting requests for authorization of these projects in FY 1981.
It is anticipated that operation of the test reactor would begin in

FY 1989. The operating budget for research and development would rise
from $4 million during FY 1975 to $11 million (in FY 1975 dollars) in

FY 1978. 1If it is determined that the Program is to proceed with de-
velopment for a test reactor, it is estimated that increases in research
and development funds will be required to a level of $13 to $19 million
per year (in FY 1975 dollars) for the later years. The actual budgets
required for the years beyond FY 1978 will depend strongly on the size
and complexity of the test reactor. Since these are presently unknown,
the estimate of funds beyond FY 1979 involves large uncertainties.

1.2 STATUS OF TECHNOLOGY AND PLANNED DEVELOPMENT ACTIVITIES

In this subsection, a brief summary will be given of the status of the
technology and planned development activities for each of the major
areas of the Molten-Salt Reactor Program. A more detailed discussion
of the status of technology, the development plans, the estimated
schedule, the key program milestones, and the funds required for main-
taining the indicated schedule is given in the remaining sections of
this program plan for each of the major program areas.

1.2.1 Development of structural metal for primary and secondary circuits

Hastelloy N was developed for use with molten salts at the high tempera-
tures required by aircraft power plants, and since it has good strength
and good compatibility with fluoride salts, it was used for construction
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of the 7.4-MW(t) Molten-Salt Reactor Experiment (MSRE). While the MSRE

was being built, experiments revealed that the creep ductility of Hastel-
loy N is reduced by neutron irradiation. This embrittlement is caused by
helium produced by thermal neutron captures in the alloy in contrast with
the embrittlement due to void formation by fast neutrons that has been of
concern for fast reactors. Analyses showed that the stresses in the MSRE
would be sufficiently low for the reactor to be operated safely in spite
of decreased ductility, but this will not necessarily be true of future
reactors, and a development program was begun for finding a solution to
the embrittlement problem. The approach followed was that of adding
carbide-forming elements which have been used to ameliorate the embrittle-
ment of stainless steel by fast neutrons, and 0.5 wt% Ti was found to
sustain the ductility of Hastelloy N at the MSRE operating temperature

of 1200°F. At 1300°F, the outlet temperature of the reference design
MSBR, solution of the carbides in the alloy caused the remedy to be lost,
but this was overcome by raising the titanium content to about .2%. Some
further gain was made by adding niobium with the titanium, and hafnium

in conjunction with titanium was found to be very effective. However,
higher costs and problems with weldability decreased the desirability

of hafnium-containing alloys.

Small commercial heats (100 1b) of 2%-Ti-modified Hastelloy N obtained
from three vendors were found to have minimum creep ductilities that
were greater than 47 at 1400°F after irradiation, which appears to be
adequate. The material is fabricable into small tubes and weldable
under high restraint; hence a solution to the embrittlement problem
appears to have been found.

Extensive natural- and forced-circulation loop tests, as well as operation
of the MSRE, have shown that the generalized corrosion rate of Hastelloy N
in fuel salt is very low; however, examination of specimens from the MSRE
indicated that standard Hastelloy N 1s subject to intergranular attack by
the fission product tellurium. Subsequent tests showed that a number of
materials are not attacked by tellurium, and among them are modifications
of Hastelloy N. The 2%-Ti-modified Hastelloy N is observed to have in-
creased resistance to tellurium attack, and the addition of small amounts
of rare earths or niobium has been observed to prevent tellurium-induced
intergranular attack. ‘

The development program outlined in Section 2 includes further tests on
small commercial heats of titanium-modified Hastelloy N for demonstrating
that this material has adequate resistance to tellurium-induced inter-
granular attack, to irradiation embrittlement, and to generalized corro-
sion by fuel and coolant salts. It is anticipated that a decision on an
acceptable alloy composition can be made by the end of FY 1976, At that
time, several 10,000-1b commercial heats of modified Hastelloy N having
this composition will be procured from two or more vendors for extensive
evaluation tests. The tests will be concerned with complete characteri-
zation of the mechanical and physical properties of the large heats, and
test data of 10,000-hr duration will be obtained in some cases. In-pile
irradiation tests, as well as forced-circulation corrosion tests, will be
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carried out for demonstrating the acceptability of the material for use
in the primary circuit of an MSBR. The data thus obtained will serve

as the basis for preparation and submission of a code case for the use
of modified Hastelloy N in the MSBR primary circuit. Subsequent work

on the development of materials for the primary and secondary circuits.
of molten-salt reactors will be concerned with obtaining long-term
material test data and for further optimization of the alloy composition
in order to further improve its materials properties.

1.2.2 Fuel processing

Operation of a molten-salt reactor as a high performance breeder is made
possible by the continuous processing of the fuel salt in a facility that
is located at the reactor site. As outlined in Section 3, the most im-
portant processing operations consist in removing the fission products
(principally the rare earths) and isolating 233pa from the region of high
neutron flux during its decay to 233y in order to hold neutron absorption
in these materials to acceptably low levels. It is also necessary that
excess uranium produced in the system be removed for sale, that the fuel
salt be maintained at the proper redox potential, and that oxide and
corrosion products in the salt be maintained at tolerable levels.

Processing of MSBR fuel salt is based principally on three types of oper-
ations: removal of uranium from the salt by fluorination; selective re-
moval of protactinium, rare earths, and other fission products from the
salt by extraction into molten bismuth; and the hydrogen-reduction of

UFg to UF, in the presence of the processed fuel carrier salt. In addi-
tion to these operations, there is the necessity for auxiliary support
systems and operations required for close-coupled fuel processing.

The chemical basis on which the processing system is founded is well
established; however, only small engineering experiments have been
carried out to date, and a considerable engineering development effort
remains. During the period FY 1975 — FY 1978, engineering experiments
will be carried out for demonstrating the individual processing steps
on a scale that ranges from 5 to 50% of that required for processing

a 1000-MW(e) MSBR. This work will be carried out in the high bay area
of the MSRE building (Bldg. 7503) where adequate space is available.
Subsequent work on fuel processing will require the construction of

a new building (the MSBR Processing Engineering Laboratory) in which
the simultaneous operation of two or more process steps will be studied
and additional development work carried out. Authorization for this
facility, which is estimated to cost $12 million, is required early in
FY 1977. Subsequent to completion of engineering experiments dealing
with a single process operation, a system (the Integrated Process Test
Facility) will be constructed for the nonradioactive demonstration of
processes and equipment for fuel processing at the pilot plant level.
This facility will be used to demonstrate the safety and performance
reliability of processing systems, to provide information for develop-
ment of maintenance methods, and to provide a basis for evaluation of
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continuous on-site processing of MSBR fuel salt. Sufficient information
will result from operation of this and earlier engineering systems to
allow detailed design of a processing plant for a test reactor and com-
pletion of conceptual design studies for the reference design MSBR.

¥ The actinides constitute a long-term waste hazard for all nuclear power

reactors, and it is desirable to develop means for recycling those pro-
duced in an MSBR to the reactor for transformation to less undesirable
isotopes via transmutation and/or fission. Studies will be carried out
during the early phases of work on fuel processing in order to determine
the potential for attaining actinide separation and recycle in an MSBR
and for the development of flowsheets and equipment necessary for effect-
ing this result.

1.2.3 Fuel processing materials development

The materials requirements for MSBR fuel processing systems are dependent
upon the processing methods utilized and the design of particular equip-

ment items selected for effecting these processing steps. At this time,

studies aimed at final selection of processing steps are being completed;
hence, design of the processing plant equipment has not been carried out.
Processes involving removal of uranium from fuel salt by fluorination

. and selective extraction of protactinium and fission products from fuel

salt into liquid bismuth are considered the most promising methods avail-
able, and the current processing materials program is oriented in this
direction.

It is not necessary that a single material be compatible with all environ-
ments anticipated in the processing plant since the system can be designed
to allow segregation of particular portions of the plant. It is expected
that at least two classes of materials will be required: one for the
fluorination and fuel reconstitution steps and another for the reductive
extraction steps. Nickel or a nickel-based alloy, which in some cases
must be protected from corrosion by a layer of frozen salt, can be used
for construction of fluorinators, and for those portions of a plant which
contain fluorine, UFgz, and HF. The corrosion of nickel and nickel-based
alloys during fluorination operations has been evaluated extensively at
ORNL. Much of the information has evolved from fuel recovery operations
conducted with molten fluoride mixtures using irradiated metallic fuel
elements. These data afford useful guidelines and background information
for the selection of materials for the proposed fluorination and recon-
stitution steps, but show the importance of inerting the metal surfaces

in fluorination systems with a passive frozen salt layer. 1In addition

to compatibility evaluations, many years of experience have been accumu-
lated in the fabrication and joining of this class of materials stemming
from the construction of reactors and associated hardware as well as
fluoride-salt purification equipment. Hence, very little research and
development work of a materials nature will be required for those portions
of the processing system that are fabricated from nickel or nickel-based
alloys.
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Materials which have shown good compatibility with bismuth solutions
during limited tests include graphite and refractory metals such as
tungsten, rhenium, molybdenum, and tantalum. Except for tantalum,
these materials are difficult to fabricate and join. All oxidize
rapidly in air at process temperatures and require atmospheric pro-
tection. It appears that the use of graphite for processing vessels
and molybdenum or molybdenum alloys for intercomnecting lines, agi-
tators, and other components, represents the optimum combination of
available materials for the reductive extraction portions of the
processing system,

Although molybdenum has excellent resistance to corrosion by bismuth
solutions or molten-fluoride mixtures, the use of molybdenum as a struc-
tural material requires highly specialized assembly procedures and imposes
stringent limitations on equipment design from the standpoints of geometry
and rigidity. Several advances in molybdenum fabrication techniques have
been made at ORNL. Although helium leak-tight molybdenum welds have been
produced consistently using both electron-beam and tungsten—-arc techniques,
the ductile-brittle transition of the resulting welds is above room tem—
perature. Hence, each joint must be carefully designed to mechanically
support the resulting welds. The results of work to date on molybdenum
fabrication techniques have been encouraging, and it is believed that

the material can be used in constructing small components for processing
systems if proper attention is given to its fabrication characteristics.

In contrast to molybdenum, tantalum or the tantalum alloy T-111 is quite
ductile in the as-welded condition, and several complex assemblies have
been fabricated at ORNL using T-111l. The resistance of this alloy to
corrosion by bismuth solutions at 700°C is adequate; however, its resis-
tance to corrosion by MSBR fuel carrier salt is unknown and is considered
marginal from thermodynamic considerations. However, tantalum would with-
stand attack by molten LiCl which is present in some portions of the
processing plant. Tantalum, or T-111, would require a higher degree of
protection from interstitial impurities (0, C, N) than would molybdenum.

Graphite, which has excellent compatibility with fuel salt, also shows
promise for containing bismuth solutions. Tests have shown no evidence
of chemical interaction between graphite and bismuth containing up to

50 at. % lithium at 700°C, although the largest pores of commercially
available graphite are penetrated to some extent by bismuth solutions.

It is believed that the extent of penetration can be reduced to tolerable
levels by the use of established surface-sealing techniques. Some work
on graphite-to-graphite and graphite—to-metal joints will be required.

It is expected that a combination of graphite, molybdenum, and perhaps
tantalum will be used in those portions of fuel processing systems that
contain bismuth. Although tantalum alloys present few engineering de-
velopmental problems, it is expected that compatibility with molten
fluorides and susceptibility to environmental contamination may limit
their use. From an engineering point of view the use of graphite will
require less development work than molybdenum and therefore major emphasis
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will be placed on studies of graphite for the near term. The work to
be undertaken in the longer term, however, allows for additional de-
velopment of these materials for more extensive processing plant appli-
cations. Near-term compatibility results and fuel processing flowsheet
developments will dictate the extent to which subsequent work will be
undertaken for each of the materials.

As outlined in Section 4, work will be carried out initially to thoroughly
investigate the chemical compatibility of potential container materials
with fuel processing system environments under simulated processing con-
ditions. The work will include investigations of the chemical compati-
bility of graphite, molybdenum, and tantalum with bismuth solutions and
molten-salt mixtures as well as compatibility of suitable braze alloys
with these solutions. The work will involve a number of capsule and
thermal convection loop tests, as well as the operation of a graphite
forced-convection loop for study of graphite corrosion in the presence
of velocity and temperature gradients. If graphite is found to be un-
acceptable for use in processing plant applications, it may be necessary
to operate additional forced convection loops that are constructed of
tantalum.

Upon completion of the compatibility studies, the second phase of the
work will be undertaken which involves the development of the required
fabrication and joining techniques for materials whose compatibility has
been demonstrated. For example, the joining of graphite will be studied
by the techniques of brazing, adhesive bonding, high-temperature diffusion
bonding, and the use of mechanical joints. The extent to which fabrica-
tion and joining techniques will be studied for molybdenum-and tantalum
alloys will be dependent upon the acceptability of graphite as a material
of construction. :

The third phase of the processing materials development activity will in-
volve assistance during construction and operation of engineering experi-
ments on fuel processing. Information on materials relative to the design
and construction of experimental systems will be provided, and a surveil-
lance program will be carried out to evaluate the effect of fuel process-—
ing operations on materials properties.

1.2.4 (Chemical research and development

Molten-salt systems for high-temperature nuclear reactors have been under
development since 1947, and extensive experience with fluoride-based salts
has been accumulated. First developed were NaF-ZrF,-UF, mixtures which
fueled the Aircraft Reactor Experiment in 1954. As breeder reactor de—
velopment received increased emphasis, a fuel composed of 7LiF—BeF2—ZrF4—UF4
was developed and used in the Molten-Salt Reactor Experiment which operated
for a total of 2.5 years beginning in 1966 and ending with the scheduled
reactor shutdown. Extensive experience with fluoride-based molten salts

was accumulated during this period; thus, the present MSBR fuel salt is
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based on a long, well established background of experience and appears
quite likely to meet the requirements of MSBRs with a minimum of addi-
tional research and development.

Previous work with coolant salts has been much more limited than that

with fuel salts. The coolant salt for the Molten-Salt Reactor Experiment,
a LiF-BeF, mixture, was used to reject heat to an air radiator. The melt-
ing point of the mixture is higher than is acceptable for use with a con-
ventional steam system. The use of sodium fluoroborate as a coolant was
first suggested in 1966 and experience with this salt has been accumulated
since that time. Considerable additional research is needed to assure
that the salt will be a satisfactory coolant. The salt is more corrosive
toward Hastelloy N than is the fuel salt, and additional knowledge of
corrosion reactions is required. Interactions of the coolant with fuel
salt and with steam, which could result from steam generator leaks, need
to be more fully considered, and additional measurements of physical
properties are needed. Although fluoroborate can possibly be used as

the coolant salt for MSBRs, there is incentive to consider alternative
coolant materials and evaluation of alternate coolants will receive early
attention in addition to research and development on fluoroborate.

The objective of work outlined in Section 5 is to obtain the chemical
information necessary for the design of molten-salt breeder reactors.
Work in the activity will include studies of fuel and coolant salt chem—
istry, measurement of the required physical properties, studies relating
to tritium management and the delineation of operating parameters, and
chemical studies related to off-design events such as temperature ex-
cursion or leaks.

Laboratory-scale studies will be carried out which will involve detailed
investigations of the chemistry of MSBR fuel salt including measurement
of solubility products for the actinide oxides, studies of the solution
behavior of tellurium under various redox conditions, phase behavior of
PuF3, fuel-coolant interactions, and determination of physical property
data. Similarly, understanding of the chemistry of the coolant salt
must be greatly enhanced. Oxide and hydroxide chemistry in fluoroborate
will receive intensive study along with investigations of the corrosion
chemistry of this salt, methods for purifying the salt, and measurements
of physical properties. An assessment of alternate coolants will be
made.

Tritium behavior in MSBR systems will also require a major effort. 1In
addition to measurements of the permeability of various alloys to tritium,
the possibility of sustaining an impermeable oxide film on the steam side
of steam generator tubes will be fully explored. Measurements of the
solubilities, diffusivities, etc. of tritium and HT in fuel and coolant
salts will be made to aid in predicting tritium behavior in MSBR systems.

Studies of fission product chemistry will be focused chiefly on the
chemistry of niobium, molybdenum, and other noble metals, and iodine
in order to allow the accurate prediction of fission product distribution
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in an MSBR. Fundamental studies of LiF-BeF,~ThF, mixtures will include
determination of activity coefficients of both major and minor components
of that system. Porous electrodes will be used to study the chemistry of
trace elements such as bismuth in MSBR fuel salt.

1.2.5 Analytical research and development

Substantial experience in the handling and analysis of nonradioactive
fluoride melts was gained in the Aircraft Nuclear Propulsion Program.
Methods were developed for analysis of most cationic constituents of
interest as well as for fluoride and various forms of sulfur. Applica-
tion of these techniques to the analysis of radioactive samples from
the Molten-Salt Reactor Experiment required adaptation of the methods
to remote, hot-cell operations. More recently, the development of im-
proved analysis methods for discrete samples has continued as well as
the incorporation of a variety of improved instrumental methods as they
have become available.

Operation of an MSBR will require that adequate surveillance be maintained
on the composition of various reactor streams. The more critical determi-
nations are amenable to in-line measurement, and factors such as time,
cost, and difficulty of analysis by the discrete-sample approach argue
strongly that in-line techniques be developed when practical. There is
also the necessity for development of in-line and special analytical
techniques as required during the technology development activities of

the Program. It is anticipated that the development of analytical tech-
niques required for the technology phase of the Program will result in

an adequate base for further development as required by test and demon-
stration reactors.

For the analysis of molten-salt streams, electroanalytical techniques
such as voltammetry and potentiometry appear to offer the most convenient
transducers for remote in-line measurements. For example, determination
of the redox potential of MSBR fuel salt, as indicated by the g3ttt
ratio, as well as the concentration of corrosion product Cr?*, has been
made on a completely automated basis over a period of several months in
thermal- and forced-convection test loops.

Other important analytical techniques include spectrophotometric methods
for both salt and gas streams, and the use of transpiration methods whefe-
by the composition of a molten-salt phase is inferred by analysis of a

gas stream which has been equilibrated with the salt.

The work outlined in Section 6 allows for the development of devices which
show promise for in-line applications as required during the development
of MSBR technology as well as the operation of test and demonstration
reactors. Characteristically, development of a particular in-line ana-
lytical device will be concentrated initially on the acquisition of

basic information underlying operation of the device. There will then
follow the testing of prototypic devices in nonradioactive systems.
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Finally, those devices which show promise for reactor applications will
‘be tested under conditions simulating the anticipated reactor environment
with particular emphasis on the effects of radiation damage.

1.2.6 Reactor safety

Advances in the area of reactor technology, in general, and the work in
the Aircraft Nuclear Propulsion and Molten-Salt Reactor Programs at ORNL
have provided much of the information required to demonstrate the safety
of molten-salt reactors. None of the work has indicated any safety issues
that cannot be resolved with existing technology; however, MSR safety
technology and the issues that are specific to this reactor concept have
not been subjected to the comprehensive analysis and assessment that have
been applied to other reactor concepts. Consequently, some additional
technology development is required to demonstrate clearly the safety of
these reactor systems. '

The dynamics of MSBRs are influenced by the circulation of the fuel, but
these effects are well understood and preditable. A prompt negative tem-
perature coefficient and a long neutron lifetime contribute to the reactor
stability, and, as shown by operation of the Molten-Salt Reactor Experi-
ment, the small delayed neutron fraction of uranium-233 causes no problem.
There is ample basis for confidence that damaging nuclear excursions are
highly improbable. Of the potential sources of reactivity increases,

the one that will require the most study is hideout of fissile material.
Oxide precipitation could lead to such hideout, but conditions that would
permit it can be safely avoided.

The afterheat situation in this reactor is unique. The major heat source
is much less intense than in solid-fuel cores because in an MSBR the bulk
of the fission products is incorporated in a large mass of fuel salt.
Furthermore, this heat source can be transferred into a reliably cooled
situation (the drain tank) under any accident condition. On the whole,
afterheat promises to be less of a problem in MSBRs than in other reactors,
and the dilute heat source makes the '"China syndrome" of less concern.
However, reliable cooling must be provided for those components and sys-—
tems in which fission products are held or deposited.

The design-basis accident in an MSBR is a rupture in the fuel system that
quickly spills the entire fuel inventory. Containment of the radioactiv-
ity in this event is the chief safety consideration for an MSBR. The con-
tainment must be tight, but the behavior of the spilled salt and its fis-
sion products is predictable, and designing to handle a spill safely
appears to be straightforward. Further, iodine and strontium, two of the
most hazardous fission products, remain in the salt as stable compounds.

As outlined in Section 7, studies within the area of reactor safety will
be concerned principally with the characteristics and behavior of mate-
rials, components, subsystems, and systems in abnormal circumstances that
would be expected to occur very infrequently, if at all, during the anti-
cipated lifetime of any given molten-salt reactor plant. To the extent
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that the more normal operations of a plant define system conditions that
may be affected by accidents, some consideration must also be given to
normal plant behavior. Existing safety and safety-related technology
developed either within the Molten-Salt Reactor Program or within other
domestic or foreign reactor safety programs will be assessed, adapted as
required, and adopted for application to the safety effort whenever such
adoptions are consistent with the overall program objectives. Additional
safety technology will be developed only when unique, specified needs

are identified.

1.2.7 Reactor design and analysis

Over the past twenty years, several molten-salt reactor plants have been
examined conceptually, and two experimental molten-salt reactors were
built and operated at ORNL. The Aircraft Reactor Experiment, which oper-
ated briefly in 1954, demonstrated the basic reactor concept; however,
since the mission of that project was not central-station power genera-
tion, the reactor lacked many features that are important for large-scale
breeder reactors. During the mid 1960's the Molten-Salt Reactor Experiment
was operated for an extended period and yielded much valuable data on
which power reactor concepts could be based. This system used a fuel salt
generally similar to that proposed for the breeder, an unclad graphite
moderator, a secondary coolant salt circuit, and a structural alloy of
interest to the breeder concept. '

Two basic breeder concepts have been studied: the first. of these involved
two radioactive primary coolants, a fissile stream of uranium, beryllium,
and lithium fluorides, and a completely separate blanket or fertile salt
of thorium, lithium, and beryllium fluorides. This system appeared to
offer excellent breeding performance, and a relatively simple fuel proc-
essing plant; however, maintaining separation of the two fluids via
graphite tubes in the core would be difficult in view of the dimensional
changes which occur’in graphite during neutron irradiation. Developments
in the area of chemical processing and recognition of alternate neutronic
design possibilities lead to the adoption of a single-fluid concept in
which both the fertile and fissile materials are dissolved in the same
primary salt.

For the past several years, the MSR conceptual design effort has been
directed toward the single-fluid breeder system which features a single,
large reactor vessel and four primary coolant pumps that circulate fuel
salt between intermediate heat exchangers and the core. The reactor
vessel contains unclad graphite to provide neutron moderation in three
recognizable zones consisting of the core, the blanket, and the reflector.
The fuel salt circulates through the three zones, which are not physically
isolated from each other. The different neutronic effects in the zones
are achieved by carefully selecting the fuel-to-moderator ratio for each
zone. Each primary loop contains equigment for helium injection and
removal to provide for stripping of !3°Xe and other volatile species.

Some fuel salt is continually circulated between the drain tank and the
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primary loops in order to cool portions of major components and the off-
gas stream., The drain tank provides the initial holdup for decay of
fission-product gases as well as afterheat removal capability if the fuel
salt must be drained from the primary circuit.

Beyond the primary system, there are no major differences between the
one-fluid and the older, two-fluid concepts. A secondary salt, sodium
fluoroborate, transports the fission energy from each intermediate heat
exchanger to a steam generator, which is coupled to a more-or-less con-
ventional supercritical steam system for generation of electricity.

Although the basic reactor concept is reasonably well established, there
are a number of aspects that have not yet been studied in sufficient detail
to resolve all potential questions. These include the layout and design

of all major parts of the primary system. In particular, additional

stress analysis work is required to show that ordinary mechanical as

well as thermal stresses throughout the system are compatible with design
and life requirements for all conditionms.

The physical arrangement of the graphite inside the reactor vessel is
important in determining the performance of the system. Since graphite
dimensional changes are an effect of neutron irradiation, the core must
be designed to accommodate such changes without unacceptably degrading
the reactor performance. Also, the graphite arrangement must allow for
periodic replacement of at least some of the moderator. Additional work
is required to ensure that radiation heating is appropriately handled in
the reference design. All of the primary-system components within the
primary containment must be physically supported in a way such as to
accommodate thermal expansion effects and major disturbances such as
earthquakes without loss of integrity.

Commercial-scale MSBRs will be designed mechanically for a useful life

of 30 years at temperatures as high as 1300°F with numerous thermal
cycles; however, the design pressure is relatively low. Much of the tech-
nology that is being developed for other reactor concepts will be appli-
cable or at least adaptable to MSBR design problems; however, the struc-
tural material for the MSBR primary circuit (Hastelloy N) has different
physical and aging characteristics than materials that are being developed
for other high-temperature reactors. Therefore, considerable effort

will be required to adapt, demonstrate the applicability of, and apply
appropriate design methods to MSBR systems.

Capital cost studies on molten-salt reactor plants have been made in
recent years by ORNL as well as several independent organizations. The
conclusions from these studies are that MSBRs appear to be economically
attractive in the U.S. power economy. Each of the studies was necessar-
ily limited in precision by the state of development of the conceptual
design that was subjected to analysis, and such limitations will continue
until MSBRs reach commercial application. However, the levels of uncer-
tainty can be expected to diminish as the reactor design evolves. Thus,
capital costs and other aspects of MSBR economics will be frequently
reassessed to ensure that design and development efforts are being applied
to systems that are, in fact, attractive.
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Finally, an important aspect of the capital and operating cost assess-
ments for molten-salt reactors is determining the impact that various -
design options have on overall costs. The reference MSBR uses a particu-
lar design configuration, a particular secondary coolant, and a particular
steam cycle. Various alternatives have been and will continue to be
advanced from time to time including converter and simple burmer reactors,
smaller or multi-use reactors, alternate secondary coolants and coolant
circuit configurations, and alternate steam cycles. The economic effects
of such alternatives, singularly and in various combinations, will be
examined to provide a sound basis for choosing the most desirable system(s)
to be developed.

1.2.8 Graphite develdpment

The graphite in a single-fluid MSBR serves no structural purpose other
than to define the flow patterns of the salt in the reactor core and,

of course, to support the forces resulting from its own weight and momen-
tum transfer from the flowing salt. The requirements on the material

are dictated most strongly by nuclear considerations, namely stability

of the material against radiation-induced distortion, nonpenetrability

of the fuel-bearing molten salt, and nonabsorption of xenon into the
graphite. The practical limitations in meeting these requirements in
turn impose conditions on the core design, specifically the necessity to
provide for periodic graphite replacement and to limit the cross sectional
area of the graphite prisms. :

The graphite present in the Molten-Salt Reactor Experiment excluded salt,
but the total radiation dose was too low to make radiation damage a prob-
lem, and exclusion of xenon was not a specification. Although a graphite
stringer from the MSRE showed no effect of 2.5 years in contact with fuel
salt, it would not have met the radiation damage and gas permeability
requirements of an MSBR.

Radiation damage in most graphites results in shrinkage followed by
expansion at neutron fluences below those of interest for MSBRs. How-
ever, special grades of graphite show little shrinkage and a longer
period before rapid expansion begins. A commercially available graphite
irradiated at MSBR temperatures was found to meet the four-year-life
assumption of the reference design. Although a material having adequate
radiation resistance appears to be available, a growing understanding

of radiation behavior should lead to longer irradiation life, thereby
decreasing the frequency with which part of the graphite must be replaced.

Sealing graphite to exclude xenon involves the use of pyrolytic carbon
deposited in the surface pores or in a thin layer on the graphite surface.
Either method will seal the graphite adequately, but the permeability of
most of the small samples tested has increased excessively during neutron
irradiation. The failures are thought to result from defects in the sur-
face coating of the unirradiated material seen in photographs obtained
using the scanning electron microscope. A new procedure for depositing
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the coating has produced flaw-free samples that have shown improved
irradiation properties. However, scale-up of the process to accommodate
large pieces remains to be accomplished after a succesful coating method
has been developed. '

If a suitable method for sealing the graphite is not developed the breed-
ing ratio of the MSBR will decrease by 0.005 to 0.01 because of increased
neutron captures in 135Xe, with the specific change in breeding ratio
depending on the effectiveness of the noble-gas sparging system.

Work will be carried out on graphite development which includes studies
of a basic nature concerning damage mechanisms, fabrication studies to
develop graphite with improved dimensional stability, development of
sealing methods for reducing the permeability of the graphite to 135Xe,
and measurements of the physical properties of graphites having potential
for MSBR application.

1.2.9 Reactor technology development

Although many of the components and systems for an MSBR power plant are
similar to those for solid-fuel reactors, the design requirements for
other comonents are different, and a number are unique to molten-salt
systems. Many components were investigated in the development programs
for the Aircraft Reactor Experiment and the Molten-Salt Reactor Experi-
ment, but not all have been developed, and increases in size or perform-
ance are required in most cases. Vertical-shaft centrifugal pumps with
overhung impellers were developed and used satisfactorily on the Aircraft
Reactor Experiment (ARE), the Molten-Salt Reactor Experiment, and a num-
ber of salt loops. Although a 10~ to 15-fold increase in capacity will
be needed in progressing from the MSRE to full-size MSBRs, the same basic
design as that used on the MSRE is specified in the reference MSBR design,
and the scale-~up should be relatively straightforward. The MSBR inter-
mediate heat exchanger operated without difficulty, and analyses showed
no decrease in performance throughout the plant life.

The aspects of the MSBR that differ from the MSRE, aside from size, have
to do with the need for high performance in the MSBR to limit the fuel
salt inventory, and the requirement that failed tubes can either be
located and plugged in place or that a tube bundle or entire unit can
be replaced. Both of these approaches create design problems. However,
new techniques for plugging heat exchanger tubes being developed for
other uses should be helpful.

There were no steam generators on the ARE and MSRE, and there has been

no experience with the generation of steam using high-melting salts. The
major problem is that in conventional steam cycles, the feed water enters
the steam generator at a temperature below the melting point of the fluor-
oborate (725°F). As a result, unless other measures are taken, some salt
would freeze on the tubes. Allowing a layer of salt to form might be
acceptable, but in the reference concept, the steam cycle has been altered
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to increase the inlet steam temperature. A small penalty results in the
form of some additional equipment and a small loss in efficiency. Other
ways of overcoming the salt-freezing problem also appear feasible, such
as the reentrant tube approach that appears in some sodium-heated steam
generator concepts. The likelihood of steam generator leaks that intro-
duce moisture into the coolant will require that a cleanup system be
provided. One way to prevent entry of tritium into the steam system may
be to trap it in the coolant from which it would subsequently be removed.
A single processing system for the coolant salt may be able to accomplish
both requirements.

¥ The noble gases are only slightly soluble in fuel salt, and consequently,

the fission product poisoning in an MSBR can be greatly reduced by sparg-
ing xenon from the salt as was demonstrated in the MSRE where over 80%

of the !35Xe was removed. However, the somewhat different sparging system
proposed for the MSBR requires demonstration, and tests with salt are
planned in a large engineering loop that has been completed recently.
Studies will also be carried out in this system for determining the be-
havior of tritium in a large fuel salt circuit and the level of oxide
contamination in the fuel salt that would cause troublesome precipitation
of uranium from the salt. The principles of any processes found necessary
to control the oxide concentration will be demonstrated.

Experience with the fluoroborate coolant proposed for the MSBR is not
extensive, but an isothermal MSRE-scale loop and a number of small forced-
and natural-convection loops have been operated with this salt. Fluoro-
borate has a greater tendency to pick up moisture than other salts that
have been used in molten-salt reactors which makes it more corrosive, but
the corrosion rate with clean salt is modest. The BF3 vapor pressure
requries special provisions in the cover gas system, but these have been
worked out satisfactorily in the loops that have been operated. Studies
will be carried out in the MSRE-scale engineering loop for determining
the behavior of tritium and hydrogenous species in large coolant-salt
circuits, for determining the distribution and behavior of corrosion
products, and for developing further the technology required for use of
fluoroborate as the secondary coolant for large MSBR systems.

In addition to the reactor technology areas discussed thus far, addi-
tional work will be carried out for the further development of primary
heat exchangers, valves, control rods, and containment and cell heating
methods, as well as the operation of a component test facility that will
furnish much of the information required for design, construction, and
operation of components for test and demonstration reactors.

1.2.10 Maintenance

The maintenance of all reactors requires the performance of various
mechanical operations on equipment, which because of radioactive con-
tamination and activation, is not directly accessible to maintenance
personnel. Depending upon the level of activity, the size of equipment,
and the design provisions for maintenance, anything from simple, local
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shielding to fully remote manipulations may be required. The time
required to do maintenance and the cost of the maintenance provisions
increase with the degree of remoteness required.

The circulating fuel reactor has fission products and intense radiation
with which to contend, not only in the reactor vessel, but also in all

of the primary circuit through which the fuel salt circulates, the off-
gas system, and in the fuel processing plant. Thus, this reactor concept
requires radioactive maintenance of a greater scope than does a fixed-
fuel reactor. On the other hand, the refueling operation is simpler,

the radioactivity is retained on-site within one containment, and the
necessity of a separate maintenance organization and equipment for a

fuel reprocessing plant at another site is avoided.

Although maintenance design efforts cannot affect the size and activity
level of the components in a reactor, much can be done in the design
stages of the plant to influence strongly the degree of accessibility

and the complexity of the maintenance operation. The maintenance concept
for an MSBR is characterized by the following general principles:

(1) Each system is composed of manageable units joined by
suitable disconnects and lines which can be cut and
rewelded remotely. .

(2) Each unit is accessible and replaceable from directly
above through removable shielding.

(3) Failed units are removed and replaced.

Much of the maintenance experience on which this concept rests resulted
from application of this approach to the MSRE. Only the simplest of
inspections and repairs could be done on failed equipment for the MSRE;
however, in an MSBR, economic considerations will dictate consideration
of more extensive repair capabilities.

It is clearly essential that maintenance design and development be con-
current with plant design, and this has been the case in conceptual
design studies to date. These studies have not indicated any insurmount-
able problems in maintaining a 1000-MW(e) MSBR, and no serious conflicts
have arisen in imposing the maintenance requirements on the reactor
system.

Most of the techniques and many of the tools required for maintenance
operations have been developed. Several versatile maintenance shields
have been built and used. Optical viewing equipment — window inserts,
periscopes, adequate lighting — all are available. The use of a shielded
maintenance control room with windows, remotely operated TV, and remotely
controlled cranes and tooling, has been successfully demonstrated.
Remotely operable disconnects for electrical power, instrumentation, and
service piping are at a satisfactory state of development. The remote
fabrication of brazed joints in small system piping has been demonstrated
in connection with the MSRE.
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Two important techniques that are requisites for maintaining large power
reactors are not available, however. They are remote welding and post-
maintenance inspection. It is highly desirable from the standpoint of
reliability that the MSBR fuel circulation system be of all-welded con-
struction; thus, remote cutting and rewelding of the system piping will

be required in the replacement of major components. Present generation
automatic welding machines are reliable and capable of making high quality
welds. These machines are not now capable of fully remote welding, and
work will be carried out to adapt them for MSBR maintenance requirements.

The provisions in the MSBR for access to equipment for maintenance opera-
tions are equally applicable to in~service ‘inspection. Dependable appli-
cation of common methods for nondestructive inspection of welds will be
difficult in high-temperature, high-radiation environments. Related
methods currently being pursued in AEC and industrial programs promise

to be succesful, and the necessary work will be carried out for develop-
ing remote inspection methods for reactor welds under MSBR conditions.

1.2.11 Instrumentation and controls development

‘A significant effort in the development of MSRs will be devoted to the

study of methods for controlling the reactor systems during startup,
part load, full load, and under upset conditions to allow proper assess-—
ment of the operational and safety implications of various control
approaches. While it appears that instrumentation and controls systems
for MSBRs are relatively straightforward, a number of features inherent
in this reactor type dictate further development of the technology asso-
ciated with the control methods and systems.

Work in this area will be restricted initially to demonstrating that
satisfactory control methods can be devised for the various operational
modes necessary for molten-salt reactors, and the identification and
development of instrumentation required for utilization of control methods
having the greatest potential. The work will be concentrated primarily

on the requirements for a 1000-MW(e) MSBR in order to identify technology
areas requiring further development and demonstration before and during
operation of molten-salt test and demonstration reactors. Studies will be
carried out as necessary for characterizing transients which may occur
during normal accident conditions with the preferred control methods in
order that these conditions can be considered properly during the develop-
ment of components and materials for the various reactor systems. As

the designs progress for test and demonstration reactors, more detailed
attention will be given to the control requirements for these reactors.

1.2.12 Molten-Salt Test Reactor mockup

The development work outlined previously will be aimed at providing the
technology required for design of components for a molten-salt test
reactor; however, a number of important aspects related to test reactor
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design and operation cannot be fully demonstrated by the outlined work.
For this reason, it appears desirable to design, construct, and operate
a mockup consisting of important portions of the test reactor. The
systems to be mocked up will consist largely of the primary and secondary
circuits for the reactor plus portions of the steamraising equipment.
The mockup will be designed for operation in principally an isothermal
manner and will be used for testing of full-scale prototypic components
for the test reactor. It is intended that the test reactor mockup will
be operated in a parallel manner with other component development facil-
ities in which scaled-down versions of test reactor components will be
tested over the full range of anticipated operating conditions.

Other benefits which will accrue from work associated with the test
reactor mockup include obtaining experience during the design and con-
struction phases which will be directly applicable to the test reactor,
-providing an opportunity for testing of remote maintenance equipment
and techniques prior to test reactor operation, and allowing an oppor-
tunity for operator training in support of the test reactor.

1.2.13 Molten-Salt Test Reactor

A number of important questions related to the design of molten-salt
breeder reactors can be answered only through the construction and opera-
tion of a test reactor. These include the need for additional reactor
operating and maintenance experience under conditions more closely resem-
bling molten-salt power reactors in order to obtain improved estimates for
the availability and maintenance costs of molten-salt breeder reactors,
the need for operation of a continuous processing system in which repre-
sentative quantities of protactinium and fission products are present, and
the need for an improved definition of the behavior and distribution of
noble-metal fission products and tritium in a reactor system. Finally,
there is the need for the ultimate demonstration that a satisfactory
material of comstruction for the reactor primary circuit has been devel-
oped and the need for obtaining experience with design, fabrication, and
operation of larger reactor components.

Neither the optimum size nor complexity of the test reactor has been
determined at this time. If at all possible, the test reactor should be
sufficiently large that experience can be obtained with components that
are full scale for a demonstration reactor. It is anticipated that the
preliminary conceptual design studies outlined in Section 8 of this pro-
gram plan will lead to a clear definition of the design and operational
requirements for the test reactor. Final design of the system will be
completed by the end of FY 1985, and operation should begin early

in FY 1989. The estimated cost for the design and construction of the
test reactor is $450 million (in FY 1975 dollars). This estimate should
be considered to be very preliminary since it is not supported by detailed
design or cost estimation.
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1.2.14 Molten-Salt Demonstration Reactor

Conceptual design of a molten-salt demonstration reactor would be ini-
tiated during FY 1982 in support of a request for obtaining FY 1985
authorization for the design and construction of a demonstration reactor.

1.3 KEY PROGRAM MILESTONES

Selected key program milestones and the time at which they occur are
defined and shown in Tables 1.3.1 thru 1.3.4. A more detailed listing
of key program milestones for each of the Program areas is given in the
respective section of this program plan.

1.4 ESTIMATED FUND REQUIREMENTS

The operating fund requirements, in FY 1975 dollars, for the various
development areas are summarized in Table 1.4.1. Capital equipment fund
requirements are summarized in Table 1.4.2. GPP funds will be required
in FY 1976 in the amount of $300,000 (in FY 1975 dollars) for modifica-
tion of the Mechanical Properties Evaluation Laboratory to allow con-
tinued development of a structural material for the MSBR primary circuit,
and in the amount of $355,000 (in FY 1975 dollars) for conversion of
Cell 2, Building 3019 to an alpha-containment laboratory where the
Protactinium Isolation Demonstration Experiment will be carried out in
connection with fuel processing development. A listing of fund require-
ments for capital projects is shown in Table 1.4.3.



Table 1.3.1. Schedule for molten-salt reactor development showing selected key program milestones
’ (See Table 1.3.3 for remaining development areas.)

Fiscal year

Development area
1975 | 1976 | 1977 | 1978 | 1979 { 1980 { 1981 | 1982 | 1983 | 1984 | 1985 | 1986

Development of structural
materials \

~ Fuel processing Y v ¥ ',

0Z-1

k
Fuel processing materials ij ¥

Chemical research and ) .
development v ' ' ' 4

Analytical research and q r 8 t
development v

Reactor safety " ")
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Table 1.3.2. Description of selected key program milestones for
molten-salt reactor development appearing in Table 1.3.1

(See following tables for remaining development areas.)

Milestone Description
Determine acceptable alloy composition for MSBR primary circuit.
Procure several large commercial heats of alloy chosen for MSBR
primary circuit.

c Submit ASME code case for use of alloy chosen for MSBR primary
circuit,

d Receive authorization of MSBR Processing Engineering Laboratory.

e Receive authorization of Integrated Process Test Facility.
Complete operation of engineering facilities for study of single
process steps.

g Complete construction of MSBR Processing Test Facility.

h - Begin operation of Integrated Process Test Facility.

i Complete operation of Integrated Process Test Facility.

j Complete compatibility studies relating to selection of graphite
for Integrated Process Test Facility.

k Complete surveillance studies on samples from engineering
facilities for study of individual process steps.

1 Complete interim report on alternate coolant evaluation.

m Establish solubility of tellurium and tellurides in fuel salt.

n Complete final evaluation of alternate coolants.

o Complete measurements of tritium permeation of clean and
oxidized metals.

P Complete data required for modeling of tritium behavior in
MSBRs.

q Complete development of electrochemical and spectrophotometric
analysis methods for corrosion products and tritium in sodium
fluoroborate.

T Complete development of in-line method for oxide analysis in
fuel salt.

s Complete evaluation of y-spectrometry capabilities.

t Complete recommendations for analysis requirements of MSBRs.

u Complete safety analyses required to support request for
authorization of MSTR and MSTR mockup.

v Complete development of safety technology required for MSTR

licensing.

w

Complete safety analysis work for MSTR.
-




Table 1.3.3. Schedule for molten-salt reactor development showing selected key program milestones
(See Table 1.3.1 for remaining development areas.)

Fiscal year
Development area
1975 | 1976 | 1977 | 1978 | 1979 | 1980 | 1981 | 1982 | 1983 | 1984 | 1985 | 1986
Reactor design and analysis : p yP s d v
Graphite development v g Vh vi 3
Reactor technology v _¢* n v LA v Vi i t ¢ o
Maintenance ' il N
Instrumentation and controls vx
MSTR mockup M z R
MSTR » A v
MSDR ' &
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Table 1.3.4. Description of selected key program milestones for
molten-salt reactor development appearing in Table 1.3.3
.(See preceding tables for remaining development areas.)

Milestone Description

Complete studies of alternate designs and uses for MSRs.

Establish interim high-temperature design methods for MSBR
materials.

0N

Complete preliminary conceptual design of 1000-MW(e) MSBR.

[N

Establish design criteria for 1300°F operation.

Complete design feports on selected MSR supporting systems.

[¢]

Determine reference graphite for MSBR moderator from
commercial graphites.

g Determine best method for reducing permeability of graphite
135
to Xe.

h Complete development of model for graphite single crystals
relating damage to electron and neutron irradiation. Begin
irradiation of prototypic moderator element made of
reference graphite.

i Begin fabrication of experimental quantities of graphites
having improved irradiation damage resistance.

j Complete measurements of physical property variations of
reference graphite in irradiated and unirradiated conditions.
Begin irradiation of prototypic moderator element.

k Establish feasibility of using lower steam system feedwater
temperatures.

1 Obtain industrial recommendations for steam generator devel-
opment program.

m Complete definitive engineering tests on removal of xenon
from fuel salt. Complete tests for determining behavior of
tritium and corrosion products in fluoroborate coolant
salt.

n Complete resolution of all problems pertaining to behavior
of tritium in fuel salt system. Complete reevaluation of
steam generator development program. Complete preliminary
valve development required for MSTR design. Obtain author-
ization of Component Test Facility.

o Complete construction of Steam Generator Tube Test Stand,
pressure relief system, and 3-MW test assembly.

P Complete design of MSTR prototype pump and pump test stand.

Complete construction of Component Test Facility.
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Table 1.3.4 (continued)

Milestone Description

r Complete tests in Steam Generator Tube Test Stand.

s Complete construction of 30-MW model steam generator and
Steam Generator Model Test Installation. Complete construc-
tion of MSTR prototype pump and pump test stand.

t Complete large-scale demonstration tests of coolant-salt
technology. Complete resolution of all problems associated
with cover and off-gas systems. Complete all primary heat
exchanger work required for MSTR design.

u Begin tests of prototypic MSTR steam generator in MSTR
mockup.

v Complete determination of MSBR maintenance requirements.

W Complete maintenance development required for MSTR design.

X Complete development of MSBR control methods.

y Complete conceptual design.

z Obtain authorization.

a“” Complete final design.

Complete construction.




Table 1.4.1. Summary of operating fund requirements for molten-salt reactor development
(costs in thousands of FY 1975 dollars)

Fiscal year

1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986
Development of structural materials 1671 2150 2327 2,764 1,468 1,350 1,200 1,240 1,180 1,200 1,020
Fuel processing 931 1600 1825 1,795 595 465 591 2,458 2,824 2,824 2,700
Fuel processing materials development 123 300 393 46l 489 375 75 75 30 30 30
Chemical research and development 473 710 811 913 1,014 1,014 1,255 1,450 1,230 610 440
Analytical research and development 180 290 360 410 480 515 553 550 513 460 365
Reactor safety 90 233 270 360 305 520 645 750 845 950 1000
Reactor design and analysis 122 467 530 540 695 1,000 1,000 850 800 750 700 E:
Graphite development 450 514 579 643 1,210 1,285 1,260 1,260 1,210 1,110 “
Reactor technology 410 800 970 1,080 1,440 2,595 3,735 3,500 3,750 4,000 4,000
Maintenance 50 200 486 791 597 518 486 435
Instrumentation and controls 48 141 270 370 545 550 600 600
Total MSBR technology 4000 7000 8000 9,000 7,470 9,800 11,500 13,275 13,500 13,120 12,400
MSTR mockup : 630 700 850 1,500 2,500 3,000 3,000
MSTR 2,000 4,750 2,500 2,650 2,500 3,000 3,500 4,000
Total reactor design and development 2,000 5,380 3,200 3,500 4,000 5,500 6,500 7,000

Total MSBR technology and reactor ) i
design and development 4000 7000 800 11,000 12,850 13,000 15,000 17,275 19,000 19,620 19,400




Table 1.4.2. Summary of capital equipment fund requirements for molten-salt reactor development
" (costs in thousands of FY 1975 dollars)

Fiscal year

1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986

Development of structural materials 735 900 1155 390 75 130 115 135 105 115 105

Fuel processing 55 715 425 . 400 200 300 400 300

Fuel processing materials development 85 620 125 45 25 25 25 25 25

Chemical research and development 72 157 273 238 - 139 314 251" 267 144 41 4 E:
Analytical research and development - 25 208 153 156 141 192 97 20 30 <
Graphite development 80 145 230 120 630 570 210 210 130 120

Reactor technology 28 66 35 60 290 70 77 425 671 829 1023

Maintenance 200 105 100 65 100 65

Instrumentation and controls 170

Total capital equipment funds ;I; 2211 2806 1399 ;I; 2031 1200 1382 © 1520 1570 1552




Table 1.4.3. Capital project funds required for molten-salt reactor development
(costs in millions of FY 1975 dollars)

Fiscal year

1976 1977 1978 1979 1980 1981 1982

MSBR Processing Engineering Laboratory 12
Integrated Process Test Facility 7

Steam generator tube test stand 4

LZ-T

Pump test stand 1
Components Test Facility 10
Model steam generator test installation 20
Molten salt test reactor mockup ‘ 50
Molten salt test reactor 450

Total capital project funds 12 7 4 61 470
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REFERENCES FOR SECTION 1

The Development Status of Molten-Salt Breeder Reactors, ORNL-4812
(August 1972).



2. DEVELOPMENT OF STRUCTURAL METAL FOR
PRIMARY AND SECONDARY CIRCUITS

2.1 INTRODUCTION

The material used in constructing the MSBR primary circuit will operate
over the temperature range of 1050 to 1300°F. The environment outside
the primary circuit will be oxidizing and comprised primarily of nitrogen.
The interior surfaces of the primary circuit will be exposed to salt
containing fission products, and will receive a maximum thermal neutron
fluence of about 1 x 102! neutrons/cm?. The operating lifetime of a
reactor will be about 250,000 hr (about 30 yr). The material must be
fabricable into many products, and capable of being formed and welded by
conventional shop techniques.

In the secondary circuit, the material will be exposed to the coolant
salt over the temperature range 850 to 1150°F under much the same con-
ditions as for the primary circuit except for the absence of fission
products and neutron irradiation. ' Thus, the activities required for
development of material for the primary circuit will suffice for the
secondary circuit if supplanted by information on the compatibility of
the material with the coolant salt.

2.1.1 Objective

The objective of this program is to develop a material that will operate
successfully under the conditions described above.

2.1.2 Scope

Hastelloy N was the sole metallic material used in constructing the MSRE.
Although the mission of that reactor was not compromised, experience
revealed that Hastelloy N was embrittled by neutron irradiation and
formed intergranular cracks due to interaction with the fission product
tellurium. More recent experiments have shown that chemical modifica-
tions of Hastelloy N are quite effective in increasing the resistance of
the material to embrittlement by neutron irradiation and to cracking by
tellurium. The activities described in the remainder of this section

are aimed at continuing the alloy development effort in order to obtain

a code-approved structural material for the primary and secondary circuit
of molten-salt reactors having adequate resistance to embrittlement by
neutron irradiation and attack by the fission product tellurium. The
work areas to be undertaken in this activity consist of (1) determination
of an acceptable alloy composition, (2) procurement of commercial heats
of the selected alloy, (3) extensive evaluation tests on product shapes
from the commercial heats, (4) the development of design methods and data
for the selected alloy and submission of an ASME code case for use of the
material in nuclear service, and (5) studies for optimization of the alloy
properties. : '
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_2.1.2.1 Task Group 1.1 Selection of alloy composition

Tests will be carried out to determine basic information related to
chemical interactions between Hastelloy N, tellurium and salt. The
reaction products formed in the alloy will be identified and rate data
associated with their formation will be measured. Various alloys will
be irradiated to determine their resistance to neutron embrittlement.
An important variable in these studies will be the alloy composition.
Emphasis.will be placed on a modified Hastelloy N having a base composi-
tion of 12% Mo, 7% Cr, 0.05% C, balance Ni. Additions of Ti up to 2%
and rare earths (e.g., Ce, La) up to 0.02% will be evaluated. The end
result of work in this task group will be the selection of an alloy
with adequate resistance to neutron embrittlement and intergranular
cracking for use in molten-salt reactors having a 30-yr life.

2,1.2.2 Task Group 1.2 Procurement of commercial heats

After the composition of modified Hastelloy N has been fixed by the
work in Task Group 1.1, at least four large commercial heats (~10,000
1b each) will be procured for evaluation. The specifications written
for the procurement of this material will form the basis for future
procurement for construction of reactor systems. Orders for the four
heats will be placed with at least two vendors by competitive bidding.
The material will be obtained in product forms typically required in
reactor construction. These materials will be carefully catalogued and
evaluated extensively in Task Group 1. 3.

2.1.2.3 Task Group 1.3 Evaluation of commercial heats

Product forms from the four large heats will be evaluated with respect

to several properties including weldability, mechanical properties,
compatibility with fuel salt containing fission products and coolant
salt, and physical properties. These tests will confirm the desirability
of the composition selected and will provide the data base required for
design of MSR components and systems. Tests of at least 10,000 hr dura-
tion will be carried out. The quality of testing will be maintained at

a high level to provide information having the precision necessary for
design purposes.

2.1.2.4 Task Group 1.4 Development of analytical design
methods-—ASME code case submission

The data obtained in Task Group 1.3 will be analyzed and correlated in
analytical forms that are wost easily used by designers. Model tests
necessary to develop high-temperature design methods will be carried
out. The data and the design methods will allow preparation and sub~-
mission of a high-temperature ASME Pressure Vessel Code Case for use
of the material in nuclear service.
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2.1.2.5 Task Group 1.5 Long-term materials test

The tests performed in Task Group 1.3 will be adequate for the design

of a molten-salt test reactor. However, the operation of this and
subsequent reactors would profit from the availability of longer—-term
information. Some of the corrosion, creep, and fuel irradiation tests
initiated in Task Group 1.3 will be continued to provide this information.

2.1.2.6 Task Group 1.6 Alloy optimization

Although the alloy that will result from work in Task Groups 1.1 through
1.4 should be adequate for construction of a molten-salt test reactor
(Section 14), a demonstration reactor (Section 15), and commercial power
reactors, it is likely that further alloy development will lead to mate-
rials having improved characteristics which may allow a higher reactor
outlet salt temperature or significant relaxation of design and opera-
tional constraints. Some attention will also be given in this task group

to the use of cheaper, more readily available materials for construction
of power reactors. -

2.2 PROGRAM BUDGET AND SCHEDULE

2.2.1 Schedule and key program milestones

The schedule for work in this activity is given in Table 2.2.1.1. The
key program milestones associated with the development of the structural
metal for the MSR primary and secondary circuits are listed in Table
2.2.1.2 and occur at the times indicated in Table 2.2.1.1.

2.2.2 Funding
Operating funds required by this activity are summarized in Table 2.2.2.1.
Capital equipment funds are summarized in Table 2.2.2.2. GPP funds in

the amount of $300,000 will be required during FY 1976 for modification
of the Mechanical Property Test Laboratory.

2.3 MATERIAL REQUIREMENTS, BACKGROUND, AND STATUS OF DEVELOPMENT

2.3.1 Material requirements

The material used in the primary circuit will be exposed to fertile-
fissile salt containing fission products over the temperature range of
1050 to 1300°F. 1In the intermediate heat exchanger and in the remainder
of the secondary circuit this material will be exposed to the coolant
salt. The outside surfaces of the alloy will be exposed to the cell
environment which will likely be nitrogen containing 2 to 5% oxygen.

No metallic structural members will be located in the highest flux



Table 2.2.1.1. Schedule for development of structural metal forAprimary and secondary clrcuits

Fiscal year

1975 | 1976 , 1977 | 1978 | 1979 | 1980 | 1981 | 1982 | 1983 | 1984 | 1985 | 1986

ablcd e!
1.1 Determination of alloy composition VV VYV ¥
1.2 Procurement of commercial heats ﬁfﬂg ro
h i i k 1
1.3 Evaluation of commercial heats v v v Lo
1.4 Development of analytical design Lo n
methods — ASME Code vy
1.5 Long-term material tests °
P

1.6 Alloy optimization




2-5

Table 2.2.1.2. Key milestones for development of structural metal
for primary and secondary circuits

Receipt of small commercial heats containing 2% Ti plus ~0.01% rare
earths. Begin mechanical property and compatibility tests on 2%
Ti-rare-earth heats. Receipt of several laboratory melts containing
various amounts of Ti and Nb. Begin mechanical property and
compatibility tests on Ti-Nb modified alloys.

Receipt of products of 10,000-1b heat of 27% Ti-modified Hastelloy N.
Begin mechanical property and compatibility tests on 10,000-1b heat.

Start forced convection corrosion loop (FCL-3) constructed of 10,000-
1b heat for basic fuel salt corrosion studies. Begin V1 yr irradi-

ation of fuel pins made of most desirable alloy.

Start forced convection corrosion loop (FCL-4) constructed of 10,000-
1b heat for fuel salt-Te corrosion studies.

Start forced convection corrosion loop (FCL-5) comstructed of 10,000-
1b heat for coolant salt corrosion studies.

Prepare specifications and solicit bids from potential vendors for
four heats of desired composition.

Begin receipt of products from four lérge heats.

Begin construction and checkout of equipment required for mechanical
property tests on four large heats.

Begin evaluation of four large heats by weldability, mechanical
property, and compatibility tests.

Begin operation of forced circulation loops (FCL-6 and 7) constructed
of modified alloy and circulating fuel salt.

Begin operation of forced circulation loops (FCL-8 and 9) constructed
of modified alloy and circulating coolant salt.

Begin detailed analysis of mechanical property data.
Begin development of design methods for modified alloy.
Submission of data package for ASME Code Approval.

Begin studies to raise allowable temperature for use of modified
alloy.

Begin long-term mechanical property and compatibility tests on
modified alloy.




Table 2.2.2.1. Operating fund requirements for development of structural metal
for primary and secondary circuits
(costs in 1000 dollars)

Fiscal year

1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986
1.1 Determination of alloy composition 1671 1693

1.2 Procurement of commercial heats 400

9-¢

1.3 Evaluation of commercial heats 457 1712 2047

1.4 Development of analytical design
methods — ASME Code Case

Submission . 215 717 168
1.5 Long-term material tests 1000 1000 800 800 700 700 500
1.6 Alloy optimization 300 350 400 440 480 500 520
Total operating funds for development
. of structural metal 1671 2150 2327 2764 1468 1350 1200 1240 1180 1200 1020




Table 2.2.2.2, Summary of capital equipment funds required for development
of structural metal for primary and secondary circuits
(costs in 1000 dollars)

Fiscal year

° 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986

1.1 Determination of alloy composition 735 563

1.2 Procurement of commercial heats 10

i
1.3 Evaluation of commercial heats 337 1095 290 ~
1.4 Development of analytical design
methods — Code Case Submission - 50 100
1.5 Long-term material tests " 40 60 35 55 30 40 30
1.6 Alloy optimization . 35 " 70 80 80 75 75 75

Total capital equipment funds 735 900 1155 390 .75 130 115 135 105 115 105
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regions, but the vessel wall will be exposed to peak thermal and fast
(>0.8 MeV) fluxes of 6.5 x 10'2 and 1.2 x 10!l neutrons * cm™2 -« sec~ !,
With a 30-year lifetime and an 80% load factor, the peak thermal and
fast fluences will be 5 x 102! and 1 x 1020 neutrons/cmz, respectively.

An obvious requirement of the structural material is that it be fabri-
cable into the forms needed to build an engineering system. The basic
shapes required include plate, piping, tubing, and forgings. For assembly,
the material must be weldable both under well-controlled shop conditions
and in the field.

2.3.2 Background

2.3.2.1 1Initial objectives and screening tests

The nuclear-powered aircraft application for which molten-salt reactors
were originally developed required that the fuel salt operate at around
1500°F. Inconel 600, out of which the Aircraft Reactor Experiment was
built, was not strong enough and corroded too rapidly at the design
temperature for long-term use. The existing alloys were screened for
corrosion resistance at this temperature and only two were found to be
satisfactory — Hastelloy B (Ni-28% Mo-57% Fe) and Hastelloy W (Ni-25%
Mo-5% Cr-5% Fe).l’2 However, both aged at the service temperature and
became quite brittle due to the formation of Ni-Mo intermetallic com-
pounds. These observations led to an alloy development program in which
INOR-8, or Hastelloy N, was developed.3s" '

2.3.2.2 The metallurgy of Hastelloy N

The commercial chemical specifications for "standard" Hastelloy N out
of which the MSRE was built, and for an alloy modified to give it im—
proved properties, are shown in Table 2.3.2.2. The molybdenum is
present for strengthening, but is not in sufficient concentration to
cause the formation of brittle compounds. Chromium is added in the
minimum concentration required to form a spinel-type oxide.® 1Iron is
allowed in sufficient quantities to permit chromium to be added as
ferrochrome; however, it is not a critical element in the alloy.
Manganese has some effect on the alloy by reacting with sulfur, but
sulfur is usually dealt with during melting by additions of elements
such as magnesium. Carbon is important because it forms carbides that
improve the strength and restrict grain growth during high-temperature
treatments. Elements such as sulfur, phosphorus, and boron, and many
others not included in Table 2.3.2.2 are tramp or impurity elements that
serve no known useful purpose in the alloy. These elements generally
have little effect on the alloy behavior as long as they are kept at
reasonable concentrations.



Table 2.3.2.2.

Chemical composition of Hastelloy N _

Content (% by weight)*

Element Standard alloy Favored modified alloy
Nickel Base Base
Molybdenum 15-18 11-13
Chromium 68 6-8
Iron 5 0.1%*
Manganese 1 0.15-0.25%%
Silicon 1 0.1
Phosphorus 0.015 0.01
Sulfur 0.020 0.01
Boron 0.01 0.001
Titanium 2

%
Single values are maximum amounts allowed. The actual concentrations
of these elements in an alloy can be much lower.

*
These elements are not felt to be very important. Alloys are now being
purchased with the small concentration specified, but the specification
may be changed in the future to allow a higher concentration.
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Silicon is introduced by the refractories used in the air melting prac-
tice and is an important element. Hastelloy N containing 0.5 to 1%
silicon contains stringers of coarse carbides and will form some fine
carbides during annealing at 1200 to 1600°F.® These carbides are of

the MgC type, with M having the composition of 27.9% Ni, 3.3% Si, 0.6%
Fe, 56.1% Mo, and 40% Cr. They are not easily dissolved during anneal-
ing, so the alloy has stable properties over a broad range of operating
temperatures. However, these predominantly coarse carbide precipitates
produce less desirable alloy properties than fine carbide precipitates
of the MC and M;C type. Several melting practices are currently in use
that result in low silicon concentrations. The carbides in these alloys
are of the M,C type, where M is 80 to 90% molybdenum with the remainder
chromium. They are more easily dissolved than the MgC type which contains
silicon.

Thus, Hastelloy N is basically an alloy strengthened with molybdenum and

containing enough chromium for moderate oxidation resistance. The car-
bide type is controlled by the silicon concentration.

2.3.2.3 Corrosion resistance of Hastelloy N

Several hundred thousand hours of corrosion experience with Hastelloy N
and fluoride salts have been obtained in thermal convection!*2 and pumped
systems.’ These experiments showed that the predominant corrosion mech-
anism in clean fluoride salts containing uranium is the selective leach-
ing of chromium. Only 7% of the alloy is chromium and this must diffuse
to the surface before it can be removed by the salt. DeVan measured the
rate of chromium diffusion in Hastelloy N,® and the measured diffusion
coefficients were used to estimate the chromium profile after 30-year
service at 650 and 700°C in salt sufficiently oxidizing to completely
deplete the alloy surface of Cr. Even in this extreme situation, the
depth of chromium removal was less than 10 mils.

The early work with Hastelloy N and other alloys revealed the importance
of controlling impurities in the salt. Impurity fluorides such as FeF,,
MoF,, and NiF, will react with Cr to form CrF,, a more stable fluoride.
Water will react with the fluoride mixtures to form HF that will form
fluorides with all the structural metals. Such impurities led to rela-
tively high corrosion rates of even Hastelloy N in the early experiments.
However, with pure salt mixtures, very low corrosion rates were obtained.
The ultimate proof of this was the operation of the MSRE where the over-
all corrosion was quite low during almost four years at temperature.

The preceding discussion applied to the removal of material, but deposi-
tion is also of concern. As the salt circulates from hotter to cooler
regions, the solubilities of the corrosion products in the salt decrease,
and if concentrations are high enough, material may be deposited. This
process is complex, depending upon chemical driving forces and factors
such as geometry and flow conditions. Fortunately, the salts being
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considered for an MSBR tend strongly to deposit material rather uniformly
throughout the cold region and have a minimal tendency to plug heat-
exchanger tubes and salt passages in cooler parts of the system.

2.3.2.4 Physical and mechanical properties of Hastelloy N

The physical and mechanical properties of Hastelloy N were evaluated
rather extensively before the MSRE was constructed. These properties
have been summarized previously.? The strength of this alloy is quite
good because of the 16% molybdenum. The property changes with time are
small since the alloy does not form intermetallic compounds but only
small amounts of fine carbides.

2.3.2.5 Experience with Hastelloy N in the MSRE

2.3.2.5.1 Fabrication

Although the power level of the MSRE was low, the system was complex and
required the ability to carry out all of the basic fabrication steps.l0
Many thousands of pounds of basic product forms were procured from three
vendors. Some of the components were built by commercial vendors, but
most of the fabrication was done in the AEC-Union Carbide shops at Oak
Ridge and Paducah. Welding, brazing, and inspection procedures needed
for constructing the reactor were developed. One of the final steps

was to make use of the heaters on the vessel to postweld anneal the
final vessel closure weld.

2.3.2.5.2 Operation

No difficulties related to materials were encountered during MSRE oper-
ation. The primary system was held above 500°C for 30,807 hours and _
was filled with fuel salt for 21,040 hours. The only failure involving
Hastelloy N was through-wall cracking of a freeze valve coincident with
final shutdown of the system.l!2 This failure was due to fatigue from
differential thermal expansion in a part that was constructed too
rigidly.

2,3.2.5.3 Corrosion

Corrosion during the operation of the MSRE was followed both by analyzing
the salts and examining surveillance specimens removed from the core.

The primary corrosion product CrF,, remained below its solubility limits
in the salt; so its concentration could be used as a measure of the
amount of chromium being removed from the metal. The results of such
analyses have been described in detail.l? A simple summary is that the
chromium removal was very small: the total amount accumulated in the
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fuel salt was equivalent to that which would be removed from all metal
surfaces to a depth of 0.4 mil; the amount appearing in the coolant
salt was practically nil. ' :

Surveillance samples located in the core of the MSRE were periodically
removed for examination and testing. Samples of both standard and
modified Hastelloy N were always in excellent physical condition with
only a slight amount of discoloration,!3>14515:16 and visual metallo-
graphic examination failed to reveal any changes that were attributable
to corrosion. (As discussed in detail later, a serious problem was re-
vealed after examination of tensile specimens that were stressed to
failure; however, the cause of the problem is not considered to be
"corrosion.") :

The chromium gradients in some of these samples were measured by the
electronmicroprobe analyzer, and the worst case was a gradient that
extended about 0.8 mil into the material.l!”’ Standard metallographicl’
(v100 magnification) examination of several tubes from the coldest part
of the heat exchanger revealed only deposits of a few iron crystals.

The MSRE coolant circuit contained LiF-BeF, (66-34 mole %) at 550-650°C
for about 26,000 hours. The chromium content of the coolant salt did
not change measurably during this time, and no chromium depletion could
be detected by metallographic methods.

Thus, the MSRE experience confirmed the basic compatibility of fuel
salt, Hastelloy N, and graphite that had been indicated by many tests.

2.3.2.5.4 Radiation embrittlement

Many of the surveillance samples from the MSRE were subjected to mechan-
ical property tests that confirmed the previous knowledge that Hastelloy N
is embrittled by neutron irradiation.l!3>1%515,16 Thig embrittlement
occurs only at elevated temperatures and is due to helium formation in

the metal; it is quite universal among iron and nickel base alloys.la_30
The degree of embrittlement in the MSRE was equivalent to that noted in
samples irradiated in the ETR and ORR. Thus, the mechanical properties

were not degraded differently when exposed to salt than when exposed only
to inert gas.

Fracture strain was the property of most concern with respect to the
MSRE. The fracture strains of some samples from the core were only 0.5%
in creep tests at 1200°F, in contrast to strains of >10% for unirradiated
samples. Surveillance specimens exposed alongside of the reactor vessel
at lower flux had strains of only 2%.1%:16 . The control rod thimbles were
the only metal in the core, and they were subjected to small compressive
forces. The vessel was subjected to very small stresses. Consequently,
the rather low strain limits were not exceeded and the system operated
without failure from radiation damage.
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The entire area of the design of components for high temperature service
is receiving considerable attention. Although the strain limits have not
been firmly established, it seems likely that local strains above those
allowed by standard Hastelloy N must be accommodated.

2.3.2.5.5 Grain~-boundary cracks

A second problem noted with Hastelloy N removed from the MSRE was that
shallow intergranular cracks formed in surveillance samples and on all
other surfaces in contact with the fuel.!3-17 These cracks generally
extended to depths of only about 5 mils, but some were as deep as 13 mils
in parts removed from the pump bowl. Although recognizable in metallo-
graphic sections of some material removed from the MSRE, more were visible
and they were opened much wider after being strained in the hot cell.
Cracks found after straining material that had been exposed in the core
were no more pervasive or deeper than those in the heat-exchanger tubes,
which had been exposed to insignificant neutron flux. By controlled
dissolution of several samples, a number of fission products were found
within the material to a depth of several mils. This suggested that the
cracking was caused by diffusion of fission products in the grain
boundaries — particularly tellurium, which was found at the highest
concentration.

2.3.3 Status of development

2.3.3.1 Generalized corrosion

Hastelloy N (both standard and modified) has been shown in the MSRE,
other in-pile tests, and large number of out-of-pile loops to have ex-
cellent corrosion resistance in salts containing LiF, BeF,, ThF,, and
UF|+.1’2’7’31 This extensive experience confirms the behavior that would
be predicted from diffusion calculations. Titanium forms a stable fluo-
ride, and the addition of this element to Hastelloy N could increase

the corrosion rate. However, diffusion measurements have shown that Ti
diffuses more slowly in Hastelloy N than Cr and that it would likely
contribute very little to the corrosion rate. Several corrosion loops
containing insert samples of Ti-modified Hastelloy N confirm that the
modified alloy does not corrode more rapidly than standard Hastelloy N.
In fact, the lower iron content (Table 2.1) causes the modifed alloy to
have a lower corrosion rate.

Corrosion studies with a proposed coolant salt, sodium fluoroborate,
have been more limited.3273% Four thermal convection loops and two
pumped systems have been operated for a total test time of about 140,000
hr. This experience reveals that the fluoroborate salt absorbs moisture
quite readily, with attendant generalized corrosion. On occasions when
leaks developed, the corrosion rate has increased and then decreased as
the impurities were exhausted. During these periods of high corrosion
all components of the alloy were removed uniformly from the hot leg and
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deposited in the cold leg. Crystals of NajCrFg and NajFeFg deposited
in the cold regions as their solubilities were exceeded. Nevertheless,
pumped loops in which the coolant salt is heated and cooled between
1270 and 795°F have been operated for several thousands of hours with
corrosion rates of <0.1 mpy. :

Screening experiments have shown that iron-base materials such as the
austenitic stainless steels and nickel-base alloys containing more Cr
than Hastelloy N have improved resistance to fission-product cracking.
For this reason, they may be considered as alternate candidates for use
in the primary circuit if Hastelloy N cannot be modified to obtain
sufficient resistance. '

The corrosion behavior of several other nickel-base alloys was investi-
gated in screening tests in the aircraft propulsion program.l’2 The
proposed service temperature was 1500°F and most of these alloys were
not considered further because in tests at that temperature large
amounts of chromium were removed, with formation of voids in the hot
regions of test loops and deposition of chromium crystals in the cold
regions. Inconel-600 received more study than any alloy besides
Hastelloy N, and the evaluation program on it involved several thermal
convection loops and 9 forced convection loops that operated for a
total of 79,300 hr.’ Although the corrosion resistance of Inconel 600
was not as good as that of Hastelloy N, at MSBR temperatures the rates
were sometimes low enough to be of interest. For example, one Inconel
600 loop operated at a peak temperature of 1250°F for 8801 hr with
intergranular penetrations of 1.5 mils. This penetration is high by
our current standards, but was only slightly higher than that observed
for Hastelloy N tested in salt of comparable purity. Thus, it is likely
that an alloy containing 15% chromium (e.g., Inconel 600) would have
acceptable corrosion resistance at 1200°F or less.

The compatibility of iron-base alloys with fluoride salts has received
relatively little attention because the thermodynamic data indicate that

nickel-base alloys with a minimum chromium content will be more corrosion

resistant than iron-base alloys. The initial screening tests on types
300 and 400 stainless steels indicated that these alloys were unsatis-
factory »2  However, one type 304L stainless steel thermal convection
loop containing a fuel salt has been in operation for over 9 years
without plugging;3° the corrosion rate at the peak temperature of 1270°F
is about 1.5 mpy. It is quite likely that the corrosion rate could be
reduced to an acceptable value by decreasing the temperature to 1200°F,
but tests at higher velocities would be required to provide more con-
clusive information.

A most important consideration in the suitability of iron-base alloys
is the possibility that, through some misoperation, the salt could be-
come sufficiently oxidizing to corrode the iron. This process would
not be diffusion controlled, and large amounts of material could be
transferred quickly from the hotter regions to the cooler regions of
the system. While this is also true for nickel, it can occur with iron
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at less severe conditions. However, the oxidation state can be con-
trolled closely enough for the salt to never become this oxidizing to
either material.

Iron-base alloys are not compatible with sodium fluoroborate since iron
seems to be attacked as readily as chromium. The use of duplex tubing
in the primary heat exchangers would likely be required if iron base
alloys were used for constructing the primary circuit.

2.3.3.2 Irradiation embrittlement

The peak fast fluence at the inside surface of the MSBR reactor vessel
will be of the order of 1020 neutrons/cm?, which is too low to cause
detectable swelling and void formation in the metal.3® However, the
peak thermal fluence of 5 x 102! neutrons/cm? is great enough to pro-
duce significant amounts of helium, about 5 ppm from residual 10B_and
possibly another 100 to 200 ppm by transmutations involving nickel.37
In standard Hastelloy N the helium would reduce the grain boundary
cohesion and increase the tendency for grain boundary fracture, with
the result that the fracture stains at elevated temperatures become
quite low.

The approach to combating embrittlement is to add elements such as
titanium, hafnium, zirconium and niobium that promote the formation of
finely dispersed MC type carbides.38 These carbides produce numerous
interfaces that trap the helium rather than allowing it to be swept
into the grain boundaries.

All of the carbide-forming elements are beneficial in improving the
fracture strain, but there are several practical reasons why titanium
and niobium are more desirable. Zirconium has been found to cause weld
metal cracking in concentrations as low as 0.05% and for this reason,
would be a very undesirable alloying addition.39 . Hafnium causes weld
metal cracking at concentrations of about 0.7Z, but the greatest

problem with using this element is its very high chemical reactivity.

In small laboratory melts in which the metal only contacts a water-cooled
copper mold, the hafnium is present as desirable finely dispersed car-
bides. In commercial melting practices where the melt contacts a re-
fractory crucible, the hafnium is primarily present as a coarse compound.
This likely occurs because hafnium is sufficiently reactive chemically
to reduce the oxides and other -compounds in the refractory crucible.

The coarse compounds do not result in good mechanical properties after
irradiation. We have found that niobium additions alone do not improve
resistance to irradiation embrittlement, but they are beneficial when
titanium is present.38 However, both niobium and titanium form brittle
Nis (Ti, Nb) compounds and their total concentration must be limited.
Since titanium seems to be the most effective single additive in improv-
ing the resistance to irradiation, attention has been concentrated on
alloys which contain about 27 titanium. :



2-16

The amount of titanium required for good resistance to neutron irradi-
ation depends strongly upon the service temperature.38 At 1200°F alloys
with 0.5% titanium have fracture strains of above 4%, but at an irradi-
ation temperature of 1400°F, 2% titanium is required to obtain the same
properties. Direct transmission electron microscope observations have
shown that this is due to the fine carbide becoming less stable, and
more titanium being necessary for stabilization as the service temper-
ature is increased.

Several 100-1b commercial melts containing 1.5 to 2.1% titanium were
procured from three vendors and evaluated. The mechanical properties
and weldability of the unirradiated melts are superior to those of
standard Hastelloy N. The compatibility of titanium-containing alloys
with fuel salt has been investigated using specimens of modified alloys
in natural circulation loops, and some specimens were exposed in the
MSRE core. Although the titanium is reactive with the salt, it diffuses
less rapidly than the chromium and does not contribute detectably to the
corrosion rate.*? Hastelloy N modified by the addition of about 2%
titanium has thus been found to be adequately resistant to radiation at
1400°F, to be weldable without unusual difficulty, and to be free of
added corrosion problems. Commercial-scale production of this alloy
must be demonstrated, but the alloy composition does not appear to be
one that will present problems.

Exploratory irradiation studies have shown that Inconel 600 and all
other nickel-base alloys are embrittled at elevated temperatures by
thermal neutron irradiation.!8,19,21,22,28-30 The fracture strains
vary for different alloys, irradiation, and test conditions. However,
the fracture strains will likely be too low for alloys such as Inconel
600 without closer controls on chemistry, grain size, and other factors.

The stainless steels are also embrittled by irradiation, but it is pos-
sible that the fracture strains under MSBR service conditions will be
adequate.L+1 If not, significant improvements have been made in types
304 and 316 stainless steel by controlling the grain size or altering
the composition (such as adding small amounts of Ti) .42

2.3.3.3 Intergranular cracking

As noted earlier, intergranular cracking was observed in the surveillance
samples and several components from the MSRE.17 The most significant
characteristics of the cracks are:

1. Cracks were formed on all surfaces exposed to fuel salt.
2. Irradiation of the metal did not seem to be a factor, since the

cracks were equally severe in components that were irradiated
and unirradiated.
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3. Some cracks were visible in polished sections from some com-
ponents (particularly the heat exchanger) when they were
removed from service, but deformation at ambient temperature
was required to make most visible.

4. The material removed from the MSRE had been heated and exposed
to fission products for times ranging from 2500 to 25,000 hr.
Although the frequency of cracks increased with time, the
maximum depth did not increase detectably.

Similar intergranular cracks have not been produced by corrosion. To
determine whether corrosion could be the cause, the salt in one fuel-salt
loop was made quite oxidizing by adding FeF,. Selective integranular
attack occurred, but the attack was very shallow and the corroded grain
boundaries did not open further during straining. The second, and most
convincing evidence that corrosion (chromium depletion) did not cause
the cracks came directly from examination of MSRE samples. Although
chromium depletion could not be detected in samples from the heat ex-
changer and in a section of the control rod thimble that was under a
spacer sleeve, these samples were cracked as severely as those (e.g., .
the bare control rod thimble in which chromium depletion was detectable.
Thus, it seems unlikely that chromium depletion alone can account for
the observed cracking.

The next possible mechanism considered was that one or several elements

diffused into the material preferentially along the grain boundaries

and degraded them in some way. The process responsible for the cracking
could be (1) the formation of a compound that is very brittle, (2) for-
mation of low-melting phases along the grain boundaries that become
liquid at operating temperature, or (3) a change in composition along
the grain boundaries so that they are still solid but very weak. The
first and third mechanisms would require some deformation to form the
cracks, but the second mechanism would not require strain, and samples
could have cracks present before postoperation deformation. The results

of a number of tests and data from the literature"3s4% suggested strongly

that the intergranular attack is caused by the inward diffusion of ele-
ments of th