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Introduction 

The objective of the Molten-Salt Reactor Program is 
the development of nuclear reactors which use fluid 
fuels that are solutions of fissile and fertile materials in 
suitable carrier salts. The program is an outgrowth of 
the eftori begun over 20 years ago in the Aircraft 
Nuclear Propulsion program to 'take a molten-salt 
reactor power plant for aircraft. / . molten-&At reactor -
the Aircraft Reactor Experiment - was operated at 
ORNL in 1954 as part of the ANP program 

Our major goal now is to achieve a ther r.al breeder 
reactor that will produce power at low cost while 
simultaneously conserving and extending the nation's 
fuel resources. Fuel for this type of reactor would be 
1 3 3 U F 4 dissolved in a salt that is a mixture of LiF and 
BeF 2, but 2 3 5 U or pkitonium could be used for 
startup. The fertile material would be ThF 4 dissolved in 
the same salt or in a separate blanket salt of similar 
composition. The technology being developed for the 
breeder is ?lso applicable to high-performance converter 
reactors. 

A major program activity through 1969 was the 
operation of the Molten-Salt Reactor Experiment. This 
reactor was built to test the types of fuels and materials 
that would be used in thermal breeder and converter 
reactors and to provide experience with operation and 
maintenance. The MSRE operated at 1200°F and 
produced 7.3 MW of h„at. The initial fuel contained 0.9 
mole % UF 4 , 5% ZrF 4, 29% BeF 2 , and 65% 7 U F ; the 
uranium was about 33% 2 3 5 U . The fuel circulated 
through a reactor vessel and an external pump and heat 
exchange system. Heat produced in the reactor was 
transferred to a coolant salt, and the coolant s*lt was 
pumped through a radiator to dissipate the heat to the 
atmosphere. All this equipment was constructed of 
iiastelloy N, a nickel-molybdenum-iron-chromium 
alloy. The reactor core contained an assembly of 
graphite moderator bars that were in direct contact 
with the fuel. 

Design of the MSRE started in I960, fabrication of 
equipment began in 1962, and the reactor was taken 
critical on June 1, 1965. Operation at low power began 

in January 1966, and sustained power operation was 
begun in December. One run continued for six months, 
until terminated on schedule in March 1968. 

Completion of this six-monti run brought to a close 
the first phase of MSRE operation, in which the 
objective was to demonstrate on a small scale the 
attractive features and technical feasibility of these 
systems for civilian power reactors. We concluded that 
this objective had been achieved and that the MSRE 
had shown that molten-fluoride reactor.; can be oper
ated at 1200°F without corrosive attack on either the 
metal or graphite parts of the system, the fuel is stable, 
reactor equipment can operate satisfactorily at these 
conditions, xenon can be removed rapidly from molten 
salts, and. when necessary, the radioactive equipment 
can be repaired or replaced. 

The second phase of MSRE operation began in 
August 1968, when a small facility in the MSRE 
building was used to remove the original uranium 
charge from the fuel salt by treatment with gaseous F 2 . 
In six days of fluorination, 271 kg of uranium was 
removed from the molten salt and loaded onto ab
sorbers filled with sodium fluoride pellets. The decon
tamination and recovery of the uranium were very 
good. 

After the fuel was processed, a charge of 2 3 3 U was 
added to the original carrier salt, and in October 1968 
the MSRF became the world's first reactor to operate 
on 2 3 3 U . The nuclear characteristics of the MSRE with 
the 2 3 3 U were close to the predictions, and the reactor 
was quite stable. 

In September 1969, small amounts of PuF 3 were 
added to the fuel to obtain some experience with 
plutonium in a molten-salt reactor. The MSRE was shut 
down permanently December 12, 1969, so that the 
funds supporting its operation could be used elsewhere 
in the research and development program. 

Most of the Molten-Salt Reactor Program is now 
devoted to the technology needed for future molten-
salt reactors. T'.»e program includes conceptual design 
studies and work on materials, the chemistry of fuel 
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and coolant saits. fission product behavior, processing 
methods, and the development of components and 
systems. 

Because of limitations on th? chemical processing 
"lethods available at the time, until five years ago most 
of our work on breeder reactors was aimed at two-fluid 
systems in which graphite tubes would be used to 
separate uranium bearing fuel salts from thorium-
bearing fertile salts. In late 1967, however, a one-fluid 
breeder became feasible because of the development of 
processes that use liquid bismuth to isolate protac
tinium and remove rare earths from a salt that also 
contains thorium. Our nudies showed that a one-fluid 
breeder based on these processes can have fuel utiliza
tion characteristics approaching those of our two-fluid 
designs. Since the graphite serves only as moderator, the 
one-fluid reactor is more nearly a scaleup of the MSRE. 

These advantages caused us to change the emphasis ot 
our program from the two-fluid to the one-fluid 
breeder; most of ojr design and deve'.op.nent effort ;s 
now directed to die one-fluic* system. 

In the congressional authorization report on the 
AEC's pro-jrams for FY-1973, the Joint Committee on 
Atomic Energy recommended that the molten-salt 
reactor be reappraised so that a decision could be made 
about its continuation and the level of funding appro
priate for it. Consequently, we undertook a thorough 
review of molten-salt technology to provide informa
tion for an appraisal. A considerable effort during the 
reporting period covered by this progress report was 
devoted tc the preparation of ORNL-4812, 'The 
Development Status of Molten-Salt Breeder Reactors," 
a 416-page report that contains the results of our 
review. 



Summary 

PART 1. MSBR DESIGN AND DEVELOPMENT 

1. Design 

Moiten-salt reactors cooled internally by direct con
tact with a stream of lead were investigated briefly to 
see if fuel inventories could be reduced substantially. 
Concepts in which the lead was mingled with the salt 
throughout the core showed little promise because of 
excessive neutron captures in 2 0 7 P b and high inventory 
(2.2 kg/MW(e)]. The doubling time was estimated to be 
31 years. A concept wherein the lead was confined io a 
peripheral region surrounding the main core showed 
slightly better performance with a doubling ':me of 26 
years. This performance was deemed to be insufficient 
to justify the development of materials to contain lead. 

Current efforts in the MSBR Industrial Design Study 
by Ebasco and its subcontractors are aimed at demon
strating the feasibility of the conceptual design reported 
in Task I. This includes the preparation of CSDDs, 
trade-off and parametric studies, independent physics 
calculations, transient analyses, drain tank design, proc
ess plant engineering, and a plant cost estimate. 
Computations indicated 'hat the intermediate heat 
exchanger design concept recommended in Task I could 
withstand a scram transient. Parametric studies show 
that a wide range of drain tank designs will accommo
date SO MW and maintain safe temperatures. The 
independent physics calculations are being tested 
against the HTLTR-MSBR experiments. The ORNL 
chemical processing flowsheet has been reduced to a 
practical engineering de: ign. 

A digital computer program MSRXEP has been 
written describing in detail the ' 3 5 Xe behavior 
throughout the MSBR fuel salt system. The intent of 
this effort is 'o confirm the results of the previous 
simplified calculations or to make improvements where 
required. For the trial case having 44 bubbles per cubic 
centimeter of salt and a gas separator efficiency of 90%, 
the ' 3 5 Xe poison fraction was calculated to be 0.0038, 
and the average bubble diameter and void fraction in 

the fuel salt loop were calculated to be 0.06S cm and 
0.0055 respectively. 

A hybrid computer simulation model of die reference 
fCOO-MW(c< MSBR and results of some test simulations 
were described in ORNL-TM-3767. 

2. Reactor Physics 

Further analysis of MSR lattice experiments at 
temperatures to 1000°C gave calculated values of l _ 
that agree remarkably well with experimental values. 

A version of the ROD computei code capable of 
calculating the time-dependent behavior of fluid-fuel 
reactors with changing fuel composition and neutron 
energy spectrum was made operational. 

Studies of various fueling schemes for batch-processed 
molten-salt converter reactors indicated lower power 
costs when LWR-produced plutonium at $9.90/kg 
fissile is used instead of enriched uranium. Either 
plutonium or enriched uranium could be used to start 
up a molten-salt breeder reactor, with little difference 
in the economics. Availability of uranium from other 
molten-salt reactors increases the range of fueling 
options, but would have little effect on attainable 
performance of the converter reactors studied. For 
start-up of a breeder reactor, use of plutonium involves 
some penalty in lifetime-average breeding ratio, pri
marily because the present chemical processing flow 
sheet makes it necessary to defer processing while 
plutonium *s in tne reactor. 

3. Systems and Components Development 

The detailed designs of the bubble separator and 
bubble generator for the gas system technology facility 
(GSTF) were completed, and the drawings were re
leased for fabrication. The velocity and pressure distri
butions in the separator vortex were measured under 
various flow conditions. A procedure was developed for 
predicting the pressure distribution in the bubble 
generator at various liquid and gas flow rates. 
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The bubble formation and coalescence tests on 
2UFBeF 2 and 72UF-I6BeF2-l2ThF4 MSR fuel salt 
were delayed because 01 a mechanical failure of the 
shaker drive and clouding of the quartz furnace liner. 
The equipment has been repaired, and new capsules ot 
salt have been loaded in preparation for resuming the 
tests. 

The lest section in the facility for measuring Jie mass 
transfer coefficients to gas bubbles suspended in flow
ing aqueous solutions was changed to a l'A-in.-diam 
conduit to obtain da .a for comparison with the original 
results obtained with a 2-in.-diam conduit. The system 
was recalibrated- and preliminary tests were made to 
validate supporting information on bubble size distribu
tion and void fraction originally developed for die 2-in. 
conduit. A set of mass transfer data was obtained with a 
25% mixture of glycerine and water, and the data were 
p&rtialiy reduced. The system was shut down for 
periodic maintenance on the bubble separator. 

An analytical expression was proposed to relate the 
bubble size produced in the bubble generator to die 
flow rate, dimensions, and fluid properties The rela
tionship agreed with data from the bubble generator in 
die mass transfer facility but did not agree with 
preliminary results for die proposed MSBR bubble 
generator. Possible differences in die mechanism of 
generation between die two are therefore being ex
plored. 

Work on the GSTF was resumed in Jury after three 
mondis' suspension for budgetary reasons. The me
chanical ard ehctrical design approached completion, 
and seme procurement was started. A preliminary 
system design description (PSDD) and die system 
design description (SDD) were issued in March. The 
master copy of die SDD is being used as die primary 
design control document and is being continuously 
updated. 

Foster Wheeler continued with the conceptual design 
study of a molten-salt steam generator for use with 
molten-salt reactors. Foster Wheeler subcontracted with 
Gulf General Atomic for portions of the study concern
ing tube rupt.jre analysis and dynamic stability. The 
Task I steam generator design, conforming to die 
conditions of die MSBR reference steam cycle, is 
nearing completion. 

Construction and installation of the coolant-salt 
technology facility (CSTF) was completed in August, 
and check-out was started on the control circuitry and 
equipment. The piping of the loop was heated to 950°F 
and purged with dry helium to remove most of die 
moisture from die loop surfaces. iMi circulation is 
scheduled for September. 

The spare rotary assembly for die MSR£ coolant-salt 
pump was reconditioned and installed into the CSTF. 
The Mark II fuel salt pump is being reconditioned for 
die GSTF. The ALPHA pump has accumulated 5800 hr 
of operation in die MSR-FCL-2 facility, but was 
operated only intermittently due to an oil leak at the 
pump shaft and other operational problems related to 
the test facility. 

4. Heat Transfer and Physical Properties 

Heat transfer. Fins! analysis of heat-transrei data for a 
proposed MSBR fuel salt (LiFBeF* ThF # UF 4 ; 67.5-
20.0-12.04).5 mole %) has resulted in th.-ee correlations 
covering the Reynolds modulus range from 400 to 
28,000. The aveiage deviation of the- data from diese 
correlations is at most 6.6%. However, die data for 
Reynolds modulus greater than 5000 average 13% 
below predictions based on the correlations of Hausen 
arid Sieder-Tate for transitional and fully developed 
turbulent flow. The daia for Reynolds modulus less 
than 1000 are only 1.6% above the Sieder-Tate correla
tion for laminar flow. 

Thermal conductjvhv. A detailed analysis of uncer
tainties affecting the measurement of thermal conduc
tivity using the variable-gap apparatus had resulted in a 
correlation of standard an*' maximum error with the 
magnitude of the thermal conductivity. Narrow error 
bands include the effects of radiation on the uncer
tainty. It is concluded that the maximum error limits 
for ute apparatus include the deviations of measured 
conductivity from published values using H 2 0, Hg, Ar, 
He, and HTS (KNO3-NaNO2-NaN03: 44-49-7 mole %) 
for 93% of die measurements. 

PART 2. CHEMISTRY 

5. Behsvior of Hydrogen and Its Isotopes 

Hydrogen and helium solubilities in Li-»BeF4 have 
been determined at 500, 600, and 700°C, and deute
rium solubility values for die aarp.e silt have been 
obtained at 600 and 700CC. The two hydrogen isotopes 
yield approximately equal solubility results within the 
mutual lim-is of experimental ?rror. Some data have 
been obtained which suggest diat pre treatment of 
the heat exchanger components with hydrogen might 
retard tritium transport through these members. 

Careful measurements with "unoxidized" metals con
tinue to show that permeability of hydrogen and its 
isotopes vines with the square root of hydrogen partial 
pressure to values as low as our experimental techniques 
will permit. Nickel, whose oxide should be trivia] over 
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the entire range of our c-xperinvnts. follows the half-
power dependence precise!;, ovjr uw ran^r ?$0 to 8 X 
\0~* ion. Seven! ahoys. whose oxides canot be coni-
pletely avoided in Mir experiments, show only ~ : >r 

rariations from the half-power relztionship. 
Decreases in hydrogen permeability by oxide films 

(such as might be expected on the steam side of st„»am 
.generator tubing) on 18-8 stainless steels and on 
Hastelloy N appear relatively nonrewarding. However, a 
fr'm of Cr 2 0 3 obtained by 900°C oxidation of a 
chromium f»J:n electrodeposited on nickel tubing has 
markedly deceased the hydrogen peirrteahiiity and has 
producei a situation in which die permeability depends 
nearly upon the first power of hydrogen partial 
pressure. Very preliminary data also suggest that the 
film readily formed by wet oxidation of Incotoy 800 
afford* a usef'il reduction of hydrogen permeability. 

Upon exposure at elected temperatures to tritium (at 
.' to 10 ppm by vonim- »n helium) graphite readily 
sorbs appreciable amounts of this hydrogen isotope. 
The highest loading observed to daie. on a lampblack 
graphite prepared at ORNL ?nd prctreated to increase 
its surface area to about 2 m 2/g, corresponded to 5 X 
10 1 3 tritium atoms per square centimeter of surface; 
several percent of the surface carbon atoms appear to 
have oonded tritium atoms. Rinsing with water and with 
alcohol removes less than 1% of the sorbed tritium. 
Studies continue to determine whether this phenome
non can be used tc assist in containment and manage
ment of tritium in an MSBR. 

6. Fluoroborate Chemistry 

Measurements of the solubility of BF3 in LiF-BeF2-
ThF4 continue to show that, at constant temperature, 
BF3 solubility appears to vary with the activity of LiF. 
Solubilities of BF3 were also measured in a meh 
containing 8 mole % NaF in MSBR fuel solvent to aid in 
assessing the consequences of coolant leaking into fuel; 
the measurements were reasonably consistent with an 
exploratory experiment involving a mixture of MSBR 
coolant and fuel. 

Measurements of the equilibria involving NaNiF3 and 
NaFeF* in molten NaF-NaBF4 have been repe?ted in 
ord̂ r to establish the composition of the gas phase. The 
results obtained yielded improved values for the free 
energies of formation of the double fluorides and for 
the free energies of reaction (corrosion) of Hastellcj N 
constituents with HF and molten NaF. 

7. Behavior of Simulated Fission Products 

Comparative evaluations of the effects of tellurium on 
Hastelioy N and other alloys of interest to the 

Molten-Sal! Reactor Prog. 3*11 have been provided as 
part of a piograrn w .dentify those fiss xi products 
capable of produci'v* superficial grain boundary crack-
».•* ht iSo'j % prorx«sed for construction of a molten-salt 
breeder reactor. Metal tensise specimens representing 14 
different alloy: and about 24 minor rr odtficariom of 
Hastelloy N h#ve been exposed tc teihi.htni by a vapor 
deposition iechnkjue. The results show .narked selec
tivity of the corrosion process on the various aBoys 
tested. 

Stability and volatility of \,>erdnent metal teJiwides 
are u;wk» study by mas; vjcctrometric techniques 
assisted by x-ray-diffraction analysis ans by duvet 
observation of chemical reactions. OTe, which shows 
no evidence of volatility, decompostKUt, or reaction 
*i;h Ni at 750*C, appears to be the most stable 
tellurite of the major constituents of HasteSoy N. The 
mo*,t stable tefiunde of nickel appears to be Ni 3Tes; it 
i'o-3 ry decomposes a* 800*C under vacuum to fonn Hi 
ami tellurium vapor. Both MoTe2 and FeTe aie iess 
stable than N 3 Te 2 . 

Both NiTe2 and Ni, Tê  have been shown to react at 
elevated temperatures with CoF 3. Products of the 
reaction vary with reaction temperature and starting 
material but include TeF4, TeF«, NiF 2, and CoF?. 
These reactions are generally similar to that previously 
observed between C3F3 and Te, but the observed 
partial pressures of TeF4 and TeF« at correspondiag 
temperatures are lower when the nickel tdhirides are 
flucrinated. 

8. Development tad EvahutioB of Analytical Methods 

We have prepared a variety of voltammetric electrodes 
for use in the in-line analysis of molten NaBF4 eutectic 
in the Coolant Salt Technology Facih:y. Our original 
choice of platinum electrodes proved unsatisfactory 
because of a decrease in the cathodic limits of the melt 
at higher temperatures. Presently we plan to install 
electrodes of iridium, pyrolytic graphite, gold, copper, 
and evacuated palladium to effect measurement of iron, 
chromium, and an active proton species in the coolant 
salt. 

The rele of hydrogen in the coolant salt has been 
shown to be more complex 1 -n originally thought It 
now appears that t>oth melts a*J salts contain 
NaBF3OH as a relatively stable species. In the melts, 
however, studies indicate that a small .* action of the 
hydrogen is present as an clectroactive species (possibly 
HF, HBF4, HBF3OH) which is in relatively rapid 
equilibrium with a vapor species. In addition, the frozen 
salt may contain adsorbed water that is partially 
converted to NaBF30H on melting. Tests with chro-
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mmm metal have shew* that its reaction with the acme 
praton speues is quite ripid, whereas BF3OH~ is 
relatively inert. Abe it sppcars that Crtfi) can be 
ptcsent when K1BF4 metts are contacted with chro 
rnmn metai. 

The original infrared pellet calibrancn data for proton 
deteratAatjon (as BF3OH"") seen confirmed through 
standard additiors of MaBF3OH to KaBF4 salts which 
*sre then melted under isothermal conditions. A liquid 
cortdemttte contacted fcvwn the vapor above NaBF4 

melts was found by NfcfR analysis to contain about 
equal quantity's of nonionk- hydrogen and fluorine. No 
evidence for isotonic exchange was seen when hydrogen 
isotopes were diffused into NaBF4 melts in a sfiioi cell, 
but chemical reactions which formed BF3OH~ (or 
*F3OD~) dud occur. 

An k5pfCM*d Kail Fischer titration technique is being 
developed for the calibration measurement of hy&ol-
ysh; products is coolant off-gas learns. A newly 
&m#m4 atesasatic couSdmetric tiira'or a«d a rotating 
pohirized cathode are used to obtain Enproved precision 
m the rneaaurrment of microgram quantities of water. 
We are also assembling an apparatus to measure 
hydrogen in coolant ofT-gas after its diffusion through a 
panadiiMt membrane. 

The spectrum and chemistry of Ci** and Te2" have 
been studied in fluoride melts. The analytical usefulness 
of the Ge(IV>€e(rii) reaction has abo been considered 
Further spectral studies of Cu2* m LiF-BeFa have been 
made, Leading to a determination of the satubflity of 
CuO in &al melt when contained in a S1O2 cell. 
Spectral studies have confirmed the existence of dis
solved U3B» in motam LrCl or LiBr and have inferred 
the nonexistenc* of a ccnesponding lead pulmbide in 
molten LUX 

#. OtAer Molten Salt Resewch 

Equilibrium quotients (Q) have been measured for the 
reaction 

3UF4 + U C 2 * 4 U F 3 + 2C 

in dilute molten salt solutions of LiF-£kF3. The 
stability of UF 3 as measured by these Q values is 
strongly influenced by both temperature and solvent 
composition. Higher temperatures and larger mole 
fractions of BeF3 favor greater equilibrium concentra
tions of UF 3. 

Bmf studies have been initiated of oxide ^uOibria in 
MSIR soheni salt (LiF-UeFj ThF4, 72-16-'2 mole %). 
These studies will provide improved oxide solubility 
data and, in addition, will confirm activity coefficient 

estimates for this &dt system. Primary efforts to date 
have been concerned witb design and assembly of 
equipment and with improving the LaF3 reference 
electrode in order to achieve stability md reproduci
bility. 

The UF-LiBF, p&ase diagram was detenTtrned. A 
comparison with the ouW a? tali fluoride- tetrafluoro-
horzte systems s'lovrs an increasing positive deviation 
from ideality «*iih decreasing cation sre. 

A beiyfihim metal anode in molten NaF-BeF^ (75 
n*$le % BeF?) shows a reproducible and weU-det:iied 
chronopotentioriietric iransitior *im~. A quenrifstrve 
mterpretatiot; of ûch dironoptvtesricgirsns. b ŝsu on 
mier*«fru9on of BeF2 formed at the anode surface and 
the SkF.vNaF mixture, tuts been developed. 

PART 3. MATERIALS DEVELOPMENT 

10. Inteigianadat Qarianf of <& nctgral 
Materiab Exposed t» > uel Salt 

Several atk$ s hav« been vapor- srd electroplated with 
virions amounts of T«. Sociie of die alloys are resistant 
to intergram&tr cracking, and >ome form shallower 
cracks than standard Hasteiloy N. Mechanical property 
tests on melts of standard HasteHoy N containing 
addiiictts of Te md Sr show that Te is detrimental and 
that Sr has no effect. The grain boundary and vohime 
diffusion parameters for Te at 650 and 760°C in 
Hastefloy N, Ni, and type 304L stainless steel were 
measured. The depth of penetration was greatest for Ni 
sr.1 lest for type 304L stainless steel. Tube-ltwrsc tests 
on samples of Hastelloy N, Inconel 600, and type 304L 
stainless steel plated widi Te showed that intergranular 
cracks formed in the Hasteiioy N and Inconel 600, but 
riot in the type 304L stainless steel. Simiai behavior 
was noted in samples of these materials that were strain 
cycled. 

The reaction products formed on samples exposed to 
Te in several experiment have been examined. Several 
teUurides have been identified. Thin sheet samples of Ni 
and Hastelloy N were embrittled by exposure to Te, 
fractured, and the tracfure surfaces analyzed by Augef 
electron spectrometry. The brittle fracture surfaces 
were enriched ir Te. 

An in-reactor fuel experiment has been designed and 
is being fabricated to rvalue te the effects of fission 
products on intergranuiar crack formation in Hastelloy 
N, Inconel 601, and type 304H stainle^ steel. 

11. Graphite Studies 

Irradiation results are now available on experimental 
graphites fabricated at ORNL. First-generation graph-
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i!« employing raw coke directly have been irradiate* to 
3.5 X JO22 neutrons/cm2 (£ > 50 keV) and y*e more 
.M tble liiin the relet-nee graphite (Great Lakes grade 
H-337) iind approach ihe behavior of Poco grade AX>. 
Setond-genrrsfion grsphiics based on modified raw 
coke h-ve seep up to 2 X l{fd neutfotWcnV and 
appe.u HJ 5r superior to die earlier materiib. Giphitc 
fabnca;ion stjc&s continue on a limited scale, and a 
tfiird gentratiH. utilizing pressure baking is now being 
deveJcpecL 

A few graphite* from cv̂ Ttmercial vendors continue to 
be received and ae evaluated for their interest in 
relating iMiaticn damage to micro&tructure. Gr^hitcs 
are abo being evaluated for their appiic&Sc:. as stn»c-
tural matei&tls for fuei processing. 

The major effort _or.&m:̂  re be development of 
coatings for xennr. exclusion from die core grapvute. 
Process parameters have been identified to produce the 
desired high-density isotropic pyrotytk carbon, and a 
set is now i»oder irradiation is the HFIR. Pietiminary 
results on these samples after invitation to 1 X I 0 2 1 

neutrons/cm2 should be avaiaHe in December, A 
number of free-standing pyrctytic strips have also been 
examined afte- irradiation to 3 3 X 1C'2 neutrons/cm2 

and confirm emitter results at low tlucnces that the 
high-density isotropic carbons derived from propene ate 
dmenstc«iaUy f table. Conversely, ac anisotropic met*-
ane-derived ccaring expanded over 500% in the pre
ferred c-axe, direction but maintained structura! integ
rity! 

12. HastenVjy N 

Three commercial 1004b heats of HasteUsy N modi
fied wiu'i 2% Ti were evaluated. The voidability and un
irradiated mechanical properties are superior to those of 
standard MastcUoy N. Two of die alloys were irradiated 
at 650 and ?60°C to a thermal-neutron flrence of 3 X 
Id 3 9 neutrons/cm2 and were found to have acceptable 
postirradiation mechanical properties. Commercial al
loys modified with 0.3 at&d 0.7% Hf had unirradiated 
mGCtt?nical properties superior to those of standard 
Hastelloy N. However, autogenous welds in the alloy 
containing 0 7% Hf cracked Several types of Hastettoy 
N were irradiated to a thermal-neutron fluence of 1.6 X 
10" neutrons/cm2 at 6S0°C and found to be brittle in 
posttrradiation creep tests. 

Corrosion tests in oxidizing fuei salts have exhibited 
nigh corrosion rates, but no intergranular cracking. A 
tellurium-plated Hastelloy N sampte was placed in the 
hottest region of a fuel salt loop, and the Te was 
transferred to a cooler region of the loop. Several 

natural circulation loops and two pumped loops *how 
that low cof roston rates can he obtained in pure sodium 
ifeorobocate, bvzt oxidizing impurities increase me 
corrosion ra.e. vompaabiity tests involving stainless 
steel and KssuHIoy N exposed to fuel and coolaat salts 
in gas environments of Ar, air, and BF3 shewed th»» 
HasteU-jy A is more resistant to attack dtas stsiefess 
s*geL Ai. and BF3 increased 'he amount of attack of 
both tr*tafe\ A static test of Kastefioy N in sodssm 
fluoroborate with an addition of 350 ppm oxide 
showed that the presence uf the oxide did rjot result in 
increased corrosion, 

Hrtfeltoy N specimens exposed to steam at 53&*C i'w 
13,000 hr were oxidized at » metal consumptica nu of 
less than 0.15 nrf/year. The oxide w*. primarily NiO 
with s&m M0O2, • ipr>el, aad C r 2 0 3 Sevens! stressed 
specimens are ^ test, and tte fractures thus (*r ndktte 
that the nature life in stran may be somewhat shorter 
man in Ar. 

13. Support ffar CVaainii Ptoceanug 

Construction of the molybde!4ra reductive-extrac
tion test stand cog tawed. Three «r*» hsve been 
coropieted (1) fabrication of r rts aad cownm, (2) 
machining of afl subassembly components, and (3) 
construction of unjoined mockup from morybiirimiii 
components. Concurrently, the feed pot and cotum* 
subassemblies are bewg Ssbncated. The final step wffl 
then conabt of interconnecting die subasembhes by 
field welding 

Final procedures were detetmiaed for al tube-tufce 
and tube-tee welds. Bribing techmques were developed 
for each of the types of configuration mat are required. 
Induction and portable resistance heating iHemods of 
brazing were successfully used. Several commercial 
brazing fiber metab were investigated for use m 
portions of die system not exposed to bismuth. 

Studies of the compktihiity of poteirrfal structural 
materials with htsmrth and bismuth-Uthiwn solutions at 
600 to 700*C wen continued in static apsuk and 
thermal convection k«p tests. 

A T-lll thermal convection !oor» iest completed 
3000 hr in Bi—2.5 wt % Li at a maximum temperature 
of 697°C. The maximum weight loss measured was 2.73 
mg/cm*, ar.d, though the samples showed slight oxygen 
increases, the} were ductile. A molybdenum thermal 
convection loop circulating Bi-2.5 wt % Li at a 
maximum temperature of 696°C has operated for 5500 
hr and will be continued to accumulate long-term test 
data, 
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Samples of grcphite were attacked by lithium when 
exposed for 1000 hr at 700°C in a graphtte crucible. No 
metallic bthium was found in the crucible, but the wails 
of die crucdrfe moved inward, and the samples also 
exhibited weight gsi* *. X-ray-diffraction results on the 
samples showed the presence of L^Cj and an expanded 
graphite bake . Howerer. no chemical rcsc?*on has 
been noted between graphite and Bi-Li soiuuocrt con 
taaung up to 3 wt % Li. 

PART* FUEL PROCESSING FOR 
MOLTEN-SAM REACTORS 

14. Ftowskeet Analysis 

Work was continue*1 on the development of a 
computer fKognvn &ai can be used for calculating 
steady-state concentrations 3»wf heat feneration rates h* 
an MSBR processing plant. The behavior of 687 
audioes ic s marry as 250 regions CMS be cooskfcnrd; 
however, the use of only about 70 nr$»ons has ?»een 
adequate for representing processing plant flowsh^ts 
considered thus far. Modrficarioro made in the ca ;-
;ruter program during du? report period facisfate its use 
and attow an ktproved representation of equipment 
items. The modified program has beer used successfully 
for evaluating a number of flowsheets that are based on 
fliKMtjstioB—ie($iK^ive-extraction-rnetal transfer but 
differ appreciably from the reftfeno? flowsheet. 

15 Pnxxjsiwt Gsesnatry 

Studies related to the development cf tne metal 
transfer process were continued. The following results 
wsm advertd: 

1. The solubility of L i , ft in molten UC1 was dr^r-
miaed ever the temperature range 6S0 to 80C*C. 

2. Some data were obtained on the equilibrium distri
bution of lithium and bismuth between liquid U-Bi 
aloys and molten LiBr or LiF. 

3. Measurements of the equilibrium distribution of 
lithium and lead between liquid Li-Pb alloys and 
molten UCI were made at 650°C. 

4. The "ohibUiry of thoriun. u. selected Li-Pb alloys 
was determined over the temperature rants; 400 to 
700°C. 

In addition, the reductive extraction of titanium -aid 
cesium from molten MSBR fuel salt into liquid bismuth 
was studied at 600°C. Studies of the chemistry of fuel 
reconstitution were continued. Spec trophotomet tic evi
dence showed conciushrcfy that UF $ is the product of 

the reaction of gaseous U F 6 with U F 4 dissolve-: in 
MSBR fuei salt. Further progress was made in die study 
of the equilibrium prectpita'ion of protactinium from 
LiF-BeF2-ThF« {72-lfc! 2 mole %) by sparest, the sail 
with HF-H 2 OAr gas mixtures. Ptelimina.y values for 
the equilibrium quotients for the reaction PsF s(d) + 
%H 2 0(g) = ^Pa,O s<s) • 5HF(g) can be represented 
o > k * Qt * 12.74 - 10.88O/7T*K) i» the temkier4ture 
range 535 to 650°C. 

16. Ftigwftnng Dtwlopnunt of 
IVocessvaf Opeii tioas 

Studies relate, to a number of processing opera
tions were continued during this lepoic period The 
purification and charging of the »alt and metal phases 
':•? met** transfer experiment MTE-3 were conr-
oleted, and operation >»f the experiment was initi
ated. The equipment used in the expciinier,i con
sists of a fhioride sa't reservoir containing about 30 
liters of fluoride salt (72-16-12 mole % UF-BeF 2-
Thjr 4), a salt-metal contactor, and a rare-earth stripper 
containing 4.6 liters of 4.9 mole % U-Bi solution. The 
10-in.-diam contactor is divided into two compart
ments that are interconnected by a pool of bismuth 
containing reductant During operation of the experi
ment, salt is circuited from the Hjoride salt reservoir 
to one side of die contactor, and LiCl is circulated from 
»h* rare-earth stripper to the other side of the con
tactor. Mechanical agitators are used in the contactor to 
contact die phases without causing disrersion of either 
phase. Mass transfer coefficients we-* measured for 
129Ra during the first two rues: the icsultmg values 
were in good agreement with a literaturf correlation 
that is based on mass transfer between aqueous and 
organic phases in die type of contactor used for the 
present experiment. Quantities of LaF 3 (SIC g) and 
* $ 4 E u F 2 (14 mCi) were then adVed to the froor.de salt 
The mass transfer coefficient values measured for 
europium and lanthanum faring four additional runs 
were lower than predicted; the vahws for lar.thanum 
were considerably lower th&a expected, whne those for 
europium were only about 10% of those expected. It is 
believed that these IJW values are caused by the 
presence of an oxide layer at one or more of the 
salt-bismuth interfaces ui the system. We believe that 
'the rate of transfer of europiu.n and lanthanum can be 
increased considers©!) either by removing the inter-
facial material or by increasing the agitator speeds 
beyond the 100- to 200-rpm range employed thus far. 

Additional progress was nude on the design of the 
metal transfer process facility, in which the fourth 
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metal transfer experiment wu« be carried out. This 
expen:Tient will use salt and bismuth flow rates that are 
5 to 10% of those expected for processb.g a 1000-
MW(e) MSBR. The three-stage salt-metal contactor will 
be fabricated from graph,te. During this »eport period, 
discussions concerning the design and fabrication of the 
contactor were held with a graphite manufacturer. 
Minor design changes suggested by the manufacturer 
were effected, and the preliminary quotation for 
fabrication of the complete*4 assembly appears to be 
satisfactory. 

Sn*dies imrotvrng the measurement of mass transfer 
rates in simulated mechanicaiiy agitated salt-metal 
contactors were pursued further. Since the important 
physical properties of molten sz?*-hi5mufh systems 
(viscosities, densities, and density difference) are quite 
simlar to those ci the mercury-water system, investiga
tions carried ou'. with contactors using mercury and 
irsler will allcw examination of the hydrodynamic and 
mass transfer ch*i*ctcri*tics of thre ?ype of contactor 
under highly desirable conditions for experimentation. 
Work during tfsis nrport period was sitacd at finding 
materials that distribute between mercury and aqueous 
phases in a manner suitable for mass transfer studies. 
The extraction of lead from an aqueous phase into 
mercury containing zinc at low concenuatktts. accord
ing to the reaction 

PbfNOaMHjOl+ZnfHg , 

- P b f F i J + 2n(NO,) 2 [H sO? 

was found to be quite satisfactory. Results obtained in 
a series of experiments performed with a 6-*-\-diam 
contactor indicate that the individual mass transfer 
coefficients in a water-mercury system (ami ptobably in 
a salt-bismuth system) ar* predicted reasonably <vdi Sy 
an existing correlation that is based on mass transfer in 
aqueous-organic systems. 

Three mass transfer experiments were performed in 
«hc mi!d-steei reductive-exfjaction system. In these 
experiments, the rates of transfer of * 7 Z r and , 3 7 U 
from molten salt to bismuth were measured by adding 
die respective tracers to the suit phase prior to 
contacting the salt with bismuth containing reductant 
ip a 0.82-in.-ID l>y 2-ft-long packed column. The 
fractions of the materials trartnerred ranged from 36 to 
80% .-it extraction factors ranging from 1.3 to 6.3. Trie 
heigh.' of an overall transfer unit (HTU) based on the 
bismuth phase ranged from 4.7 to 7 3 ft. A correlation 
was developed which shows that the HTU value v. 
constant and equal to about 4.3 ft for extraction 
factors near unity. 

Construction of the reductive-extracrior, process fa
cility wfll require joints m molybdenum tubing, some of 
which must be made in the field. During this report 
period, the feasibility of flaring commercially available 
molybdenum tubing in V4-, \ - . and V^-in. sizes was 
demonstrated. Since moh/bdenum-on-morybdemim 
rJireads tend to gall and since it is difficult to tap 
threads in a molybdenum nut, we have considered 
designs in which the flare fittings have molybdenum 
bodies., but the nut and ferrule are made of materials 
other than molybdenum. However, because of the very 
low coefficient of thermal expansion for molybdenum, 
almost any other potential material for the nut and 
ferrule would expand more than molybdenum; thus 
such a Btting would loosen upon being heated. A means 
was devised for fully compensating a fitting for bo*h 
axial and radial differential thermal expansion. Test 
fittings in V«-, V , and ^4-in. sizes that had a 45° flare 
and were compensated tor axial expansion were fabri
cated. Although one of these fittings (V 4 in.) remained 
leak-tight (as shown by a helium tesk test) during 
thermal cycling from 300 to 600°C, it was concluded 
that compensation for both axial and radtai thermal 
expansion is required. A set of firings that have a 37° 
flare and are fully compensated for differential thermal 
expansion is currently beiog fabricated. 

The design o? ihe molybdenum reductive-extraction 
equipment and the processing materials test stand is 
essentially complete. A trial assembly of die compo
nents, piping, and support system was made to check 
the design drawings; no problems were found. The 
remaining design wot V: involves Hie electrical wiring for 
die containment vessel am* transfer line heaters, die 
instrumentation and control panels, and the services. 
The asse;..'uiy trat£* w the muiybdenum equqmient 
was test loaded and was found to perform satisfactorily. 
Procedures and checklists for loving the completed 
molybdenum system from the assembly area to the 
operating area were prepared, and a transfer of the 
frame and equipment mockup was made successfully. 

Several types of samplers were used to take portions 
of fluoride salt from various engineering experiments 
for bismuth analyses. The reported concentrations of 
bismuth in ti?e tall ranged from less titan 0.1 to greater 
than 1000 ppm. The results indicate that several of the 
samples were contaminated during their passage 
through the sample port and that an improved sampler 
design will be required in order to avoid contamination. 
Samples withdrawn from the fluoride salt surge tank in 
metal trarsfc; experiment MT£o have shown low 
bismuth concentrations consistently (0.4S to 1.7 ppm). 

A series of experiments J.I auto^sistance heating of 
molten salt was performed in a simulated fluorinator 
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tf it was procectel from corrosion bv me*iu of a frozen 
waft. Results of these experiment* uidicate that an 
ekctricaOy aublting layer cf frozen salt can be formed 
reliably if the temperature of the fluorinator wail is 
held below that of the sait so!*du$. The measured values 
for the thickness of the layer agreed welt with values 
calculated from heat .ansfer considerations and from 
measurements o. th* electrical resistance of the molten 
salt in the amuiaied fluorinator. Operational stability, 
desired specific heat generation rates, and adequate heat 
removal rates by natural convection and radiation were 
demonstrated fcr operation of a frozen-wall fluonna-
tion experiment. 

The first series oi experiments in the uranium oxide 
precipitation facility has been completed. On disas
sembly, the precipitator vessel was found to contain a 
large quantity of undissolved oxide whrh appears to 
have resulted from inadequate agitation of the oxide 
during die dissolution step. Examination revealed negli
gible corrosion of die equipment by HF attack or 
agglomeration of oxide on the surfaces. Thus oxide 
precipitation continues to appear to be an attractive 
alternative tc flucrination for removing uranium from 
protactinium-free MSBR fuel salt. 

An eddy-current-type detector is being dew jped to 
aUcty detection aid control of the bt&mith-salt inter
face in salt-metal extraction columns or mechanically 
agitated salt-metal contactors. The probe consists of a 
ceramic foim on which bffilar primary and secondary 

coils are wound. A high-frequency alternating current is 
passed through the primary coil. «nd a current that is 
dependent on the conductivities of materials adjacent 
to the coils is induced in the secondary coil. A probe 
assembly was tested at 550 and at 700rC i»sing the 
amplitude measurement technique. At each tempei--
ture, the probe readings were linear and reproducible 
for bismuth levels between 4 and 12 in. Although the 
temperature compensation circuit did not function as 
expected, the probe is entirely usable at any tempera
ture for which a calibration curve is available. With a 
constant temperature and bismuth level, J variation of 
about 5% in the probe reading was noted over a five-day 
period. The reason for this variation is not known. 

17. Continuous Salt Purification 

The system was modified to provide for the continu
ous circulation of a small volume of salt (about 4 liters) 
through the packed-column gas-salt contactor. The new 
equipment consists of a check valve pump that has 
tungsten ball checks and an crifrc? Mad pot for 
measuring the salt flow rate. Initial tests with the 
system showed that the equipment for measuring the 
salt flow rate performed quite satisfactorily; however, it 
wili be necessary to modify die pump to permit 
operation with s?H containing small quantities cf 
particulate. 
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Part 1. MSBft Design and Development 
R. B. Briggs P. N. Haubenreich 

The ô sign and development program has the purpose 
of describing the characteristics and estimating the 
performance of future molten-salt reactors, defining the 
major problems that must be solved in order to build 
them, Mid designing and developing sohiticiis to prob
lems of the reactor plant. To this end we have published 
a conceptual design for a 1000-MW(e) plant1 and have 
contracted with an industrial group organized by 
Ebasco Services incorporated to do a conceptual design 
of a 1000-MW(e) plant. This design study uses the 
ORNL design for background and is to incorporate the 
experience and the viewpoint of industry. Task I of this 
study, the selection of a reference concept, has been 
completed and described in a report.2 We also do brief 
studies of new or advanced concepts such as the 
lead-cooled reactor that is discussed in triif report. 

One could not, however, propose to build a 1000-
MW(e) plan* «n the near future, so we have done some 
studies of plant* that could be built as the next itep in 
the development of large MSBRs. One such plant is the 
Molten-Salt Breeder Experiment (MSBE).3 The MSBE 
is intended to provide a test of the major features, the 
most severe operating conditions, and the fuel reproc
essing of an advanced MSBR in a small reactor with a 
power </ abo»M ISO MW(t). An alternative is the 
Molten-Salt Demonstration Reactor (MSDR),4 which 
would be a ISO- to 300-Mw\e) plant based largely on 
the technology demonstrated in the Molten-Salt Re
actor Experiment would incorporate a minimum of 
fuel reprocessing, and would have the purpose of 

1. Molten-Salt Reacior Program Staff, Conceptual Design 
Study of a Singte-Fluil Molten-Salt Breeder Reactor. ORNL-
4541 (June 1971). 

2. Ebasco Services Incorporated. JOO-MW(e) Molten-Salt 
Breeder Reactor Conceptual Design" Study - Final Report -
Task I. 

3. J. R. McWherwr. Molten Salt Breeder Experiment Design 
Bases, ORNL-TM-3177 (November 1970). 

4. E. S. Bettis. L. C. Alexander, and H. L. Watts, Design 
Studies oft Molten-Salt Reactor Demonstration Plant, ORNL-
TM-3832 (June 197*. 

demonstrating the practicality of a molten-sait reactor 
for use by a utility to produce electricity. The present 
AEC program does not include construction of an 
MSBE or MSDR, and studies of these reactors are 
inactive. 

!n addition to these general studies of plant designs, 
the design activity includes studies of the use of various 
fuel cycles in molten-salt reactors and assessment of the 
safety of molten-salt reactor plants. The fuel cycle 
studies have indicated that ptutonium from tight-water 
reactors has an economic advantage over highly en
riched 2 3 S U for fueling molten-salt reactors. Some 
studies related to safety are in progress preliminary to a 
comprehensive re/iew of safety based on the ORNL 
reference design of a 10004fW(e) MSBR. 

The 4esagn studies serve to define the needs for new 
or improved equipment, systems, and cats for use in 
the design of future molten-salt reacton. The purpose 
of the reactor developme: t program is to satisfy some 
of those needs. Presently the effort is concerned largely 
with providing solutions to the major problems of the 
secondary system and of removing xenon and handling 
the radioactive off-gases from the primary system. A gas 
system technology facility is being built for use in 
testing the features and models of equipment for die 
gaseous fission product removal and off-fas systems and 
for making special studies of the chemistry of the fuel 
salt. A coolant system technology facility has been 
completed for use in studies of equipment, processes, 
and chemistry of sodium fluoroborate for the sec
ondary system of a molten-salt reactor. 

The steam generator is a major item of equipment for 
which the bask design data are few and the potential 
problems are many. A program involving industrial 
participation has been undertaken tc provide the 
technology for designing and building reliable steam 
generators for molten-sait reactors. As the first step in 
this program, Foster Wheeler Corporation is preparing 
the conceptu&J design of a steam generator for targe 
molten-salt reactors. 

1 
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1. Design 
fc. S Bettis 

1.1 LEAD-COOLED MSBRs 

Report TM-3832 on the 300-MW(e) Molten-Salt 
Demonstration Reactor (MSDR) was issued. The MSDR 
study involved the most detailed design of a large 
single-fluid molten-salt reactor that has been done to 
date, and we believe that it represents a practical 
reactor. 

Having finished the demonstration reactor, we de
cided to take a mors serious look at an advanced 
reactor concept originally proposed about ten years 
ago. This concept involves the use of lead as a direct 
contact coolant for the molten salt. Lead is immiscible 
with fluoride salts and is chemically compatible with 
the fuel salt. Because of the difference in density 
between the salt and lead, the two liquids can be 
separated by gravity. When the lead is pumped into the 
alt, it transfers momentum to the salt, and so it can be 
used to circulate as well as extract heat from the fuel 
salt. The lead must be cooled by another coola.it loop 
(or secondary salt loop) which is then used to make 
steam. 

Although the idea has received cursory attention 
during the past ten yean, no serious design study was 
undertaken. We therefore began an evaluation of this 
idea to see if it had any practical potential. A major 
incentive for using direct contact cooling is that the 
power density in the heat extraction system promises to 
be high and so should reduce the amount of salt in the 
primary circuit external to the reactor. 

These two advantages are quite attractive; however, 
rather serious difficulties are associated with the use of 
lead so that, for the concept to warrant serious 
consideration, the lead-cooled reactor must show 
superior performance, particularly in reducing primary 
salt inventory. 

The first serious liability of the lead system is that it 
must be contained in a refractory metal (probably 
molybdenum). Successful lining of large vessels with 
molybdenum and fabrication of molybdenum heat 
exchangers, pumps, and piping probably can be accom
plished, but they are certain to be expensive and to 
require considerable development. 

Abo, effecting a complete separation of salt from the 
lead is difficult, and some undetermined amount of s?W 
will always circulate with the lead. An extensive 
experimental program would be squired to determine 
the extent of entrainment. For cur sm ly we only made 

estimates of the gross disengagement and the amount of 
salt in the salt-lead interfacial region at the bottom of 
the reactor. 

A third disadvantage of the direct contact lead 
cooling is that the lead and salt flows are cocurrent. 
This n» ins, of course, that the maximum lead tempera
ture is the same as the minimum salt temperature; thus 
the reactor maximum salt temperature tends to be high 
for this system. A further temperature disadvantage is 
that the low lead temperature must be kept above the 
melting point of the salt to prevent entrained salt from 
freezing out in the lead. These factors limit the A/ 
taken in the lead, and the low A/ in combination with 
the low specific heat requires that the volumetric flow 
of lead be large. 

We decided that the complexity of the lead piping 
around the top of the reactor vessel would make it 
impractical to replace the core graphite. Therefore, we 
designed for a 30-year core life, which meant that the 
reactors would be quite large. We studied three dif
ferent types of reactors, the difference between them 
being the way in which the lead was disposed in the 
reactoi vessel. 

All three reactors were similar in basic arrangement. 
Each reactor had a top reflector similar to that of the 
MSDR except that u.e reflector was cooled by lead. 
Each also had a radial reflector consisting of graphite 
spheres cooled by lead. The lead pool beneath vhe core 
served as the bottom axial reflector. The corf graphite 
in each case floated on the lead pool and pushed against 
the top reflectcr. The core was firmly compressed by 
the bouyant action of the spheres in the radial reflector. 

None of the reactor types really proved to be worth 
p nuing, so we will not d^ribe them in detail. Rather, 
we will describe the different core designs we tried and 
will show where they failed. 

The first core was very similar to the core of the 
MSDR except that a %-in.-wall, 6-«n.-0D graphite tube 
was put into the center of each graphite core cell. A 
typical cell is shown in Fig. 1.1. It is 13% in. 2, made up 
of four comer posts, some slabs of graphite with flow 
passages between them, and the graphite downcomer 
tube in the center. A lead plenum is located directly 
below the top reflector. Directly under the lead plenum 
« s gas space where xenon can be purged from the salt. 
A layer of salt completely covers the core which bears 
against the bottom of the lead plenum through graphite 
studs on the core cover plates. 

http://coola.it
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A 4-in.-diam nozzle introduces lead from the plenum 
into the center of each downcomer. The lead velocity 
leaving this nozzle is 32 fps, and the salt enters the 
annulus around the nozzle with a velocity of 8.3 fps. 
The pressure in the lead plenum to produce this flov is 
80 psi. Mixing of the lead and salt results in a pressure 
rise of 63 psi which, with the static pressure of ihe 
mixed liquids, produces a pressure of 178 psi at the 
bottom of the core. This pressure is dissipated in 
forcing the salt up through the slots in the cells to the 
top of the core, and circulation is thus maintained in 
the core. 

In this design, the lead en ten the top of the reactor at 
a temperature of 1000°F and leaves at a temperature of 
1100°F. The temperature of the salt is l?00°F at the 
top of the core and, of course, is the .'?me ( ? 100°F) as 
the lead at the bottom. Thus both lead and .*lt have a 

&t of only 100°F. A lead flow of 900 cfs and a salt 
flow of 300 cfs is required. For the flow area in the 
core and with the center power density, this re^uirsj 
the mixture to flow a! 18 fps in the center c'i3r.nels. 

This core had to be abandoned for two reasons. The 
high velocity of the jets leaving the core at the bottom 
of the reactor carried too much salt into the lead pool 
at the bottom. It was not possible to get an exact figure 
for this entrainment, but it amounted to at least 600 
ft 3. This minimum figure (it probably is much higher) 
rendered the performance of the reactor unattractive. 

In addition, we found that the lead in the interior of 
the core was a greater poison than we had anticipated, 
and the nuclear performance suffered. This is discussed 
in Chap. 2. 

The second design was an attempt to correct the two 
faults of the first. Again, the same reactor, reflector, 

OPNL-DWG 72-13700 
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Fig. 1.1. Plan view of graphite core cell for lead cooled MSBR. 
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ai.d general contiguiation were used, but the cell design 
was completely changed. This was done to decrease the 
entrainment at the bottom and also to decrease the 
poison of the lead in the core. 

The ceil is still 13 l/ 8 in. 2 , but it is constructed of four 
extrusions * .rich, when assembled, form a square with 
an 11 V2-in.diam hole in ;he center. Inside ihis hole are 
two cor.rentric graphi'e cylinders, each having a wall 
thickness of l 7 / , 6 in. In the center of the inner cylinder 
is a 3-in.-diam rod. This cell provides two annuli of 
\-m. thickness and an outer annulus of %-in. thick
ness. The two inner annuli provide risei channels for the 
salt, while the outer annulus provides the downcomer 
and contains l.S volumes of lead per volu salt. 
Figure 1.2 shows both a plan and elevation of this cell 
arrangement. 

At 8-ft intervals in the outer annulus, there are 
turning vanes which impart a rotational component to 
the mixture of lead and salt. This rotsuon generates a 
l-g centrifugal field which separates the lead from the 
sal* by the time the mixed stream reaches the bottom 

of the core. The salt collects in a plenum (approxi
mately 2 in. deep) and flows back up through the two 
annular risers in each celt. 

In order to reduce the neutron absorptions in the lead 
in this core, the ratio of lead to salt is made 1.5.1, 
necessitating a 200° F At in the lead and thus raising the 
lead temperature to 1200°F and the salt temperature to 
1300°F. From a nuclear standpoint, this core is 
superior to the first core, but the performance is still 
mediocre. The breeding ratio is about 1.C-. the dou
bling time is 31 years (full-power years with compound 
interest), and the specific inventory is about 2.2 
kg/MW(e). 

Although the salt disengagement volume is reduced to 
a tolerable amount by the centrifugal separation, a 
hydrodynamic problem is introduced. In order to pump 
the salt around the core circuit, a lead jet velocity of 60 
fps is required. The corresponding lead plenum pressure 
to attain this velocity is 267 psi, a value which we 
consider to be excessive because of the stresses imposed 
on the reactor vessel. 

ORNL-WtnS 72-13701 
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Fig. 1 J. Plan -nd elevation of graplvte cow cell for lead-cooled MSBR. 
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A final core design was studied in which the leal 
downcoiTicis were removed from the core and placed 
peripherally around it. The core cells are exactly like 
those of the demonstration reactor. Tney are squares 
made up of corner posts, inside which are located 
graphite slabs. The salt flows up through the interstitial 
spaces in these cells, across the top of the core under 
the reflectot. and down in the lead mixing cells around 
the core. 

These peripheral cells are squares 13 !/4 in. on 2 side 
with an 1 l-in.-diam hole in the center. Inside this hole 
»s a 6-in.-diam rod leaving a 2'/2-in. annulus down which 
lead and salt flow. This lead-salt-gntphite region serves 
as a kind of blanket and liquid-liquid direct contact 
heat exchanger. By removing the lead from the center 
of the core, its poison effect is greatly reduced. Outside 
the blanket region is a reflector consisting of lead-
cooled graphite spheres. 

Lead with a velocity of 25 fps L introduced into an 
annulus through an 8-in.-OD nozzle centered around 
the central graphite cylinder. The lead jet entrains salt, 
and the mixed liquid flows with a velocity of about 14 
fps down the annulus. Again, turning van<& generate a 
centrifugal field to separate the lead from the salt. A 
lead plenum piessure of 50 psi is required to impart the 
necessary velocity and establish circulation through the 
core. 

This design may have possibilities. From a nuclear 
standpoint, it appears to be rather attractive. Again, 
details are reported in Chap. 2 There is, howev:r. a 
question which has not been resolved. It is very difficult 
to determine how flow is established across the core at 
the top ariw bottom. So far, we have been unable to 
calculate the depth of either plenum, and it is quite 
possible that these plenums will become so deep as to 
contain a prohibitive amount of salt. 

It should be pointed out that all these studies have 
been concerned with thermal reactors. It appears now 
that lead cooling does not improve the performance of 
thermal reactors sufficiently to justify attempting to 
solve the difficult materials problems associated with 
the use of k A. We therefore propose to summarize the 
results of the studies in a report and to do no further 
work on these concepts. Lead cooling may have some 
merit for intermediate or fast-spectrum molten-salt 
reactors, and studies of such reactors might be worth
while at some future time. 

1.2 MSBR INDUSTRIAL DESIGN STUDY 

M. I. Lundin 

The Task I Report1 was delivered to ORNL sarly in 
th;; report period The report described a conceptual 

design for a l000-MW(e) Molten-Salt Breeder Reactor 
plant, the salient features of which were described in 
the last semiannual report.2 Task !! was started and is 
currently in progress. This effort is defined as follows: 

1. demons-rate the feasibility of the conceptual design 
presented in Task I: 

2. prepare CSDDs for the design; 
3. conduct tradt-off anc' parametric studies to optimize 

the design; 
4. perform the benclumrk physics calculations: 
5. piepare a cost estimate for the recommended design. 

Work is active in each cf these five areas. 
In the design engineering area, where practicality of 

the design must be demonstrated, work is currently in 
progress on the drain tank, the transient analysis of the 
plant, handling of the reactor vessel top head and of the 
reflector graphite, structural support of the primary 
system, and design of a reactor cell structural support 
system. The pie«ent arrangement is shown in Fig. 1.3. 
The primai y system concept has been studied, and a 
decision h?s been made to utilize a lined systern to 
protect the plant from thermal shock. This cooled liner 
also increases the design allowable strength of the 
reactor vessel metal to 11,000 psi. 

Babcock & tfilccx completed a transient analysts of 
the intermediate heat exchanger. v i e scram transient 
specified resulted in a drop in fuel salt inlet temperature 
of 250°F in two stages: 200°F in 10 sec followed by a 
50°F drop in 4 sec. The recommended Task I design 
withstood this transient. This design utilizes a sine wave 
tube with a nonremovable tubesheet but having access 
to the tubeshect for tube plugging (see Fig. 1.4). 

1.2.1 Drain Tank 

A parametric study is under way to identify and 
quantify the important design parameters and to permit 
the selection of a credible design. The design base is a 
hypothetical steady-state condition in which the fuel 
salt produces 50 MW while at ^ uniform temperature of 
1300°F. A tentative design based on this condition will 
be examined under normal sttady-state operation and 
under transients. These conditions may provide bases 
for refining the design. 

The conceptual design uses bayonet tubes mounted in 
the tank head for cooling the tank contents. For 

1. lOOOMW(e) Molten Salt Breeder Reactor Conceptual 
Design Study - Final Report - Task I, Ebasco Service*, Inc. 

2. MSR Program Semiannu. Progr. Rep. Feb. 29, 1972, 
ORNL-4782. 
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simplicity, ratability, and eas? or* maintenance, it is 
desirable to have as few t'.timbles as practical. To 
achieve this, the present Ebasco concept utilizes duplex 
tube thimbles having a mechanical bond. In this 
concept heat transfer is limited primarily by me salt 
film coefficient rather than by radiation as in the 
ORNL concept. Thus, a greater heat flux and far fewer 
thimbles are possible in the Ebasco concept 

Heat transfer characteristics of fuel salt to cooling 
thimbles were examined. Figure l.S shows the calcu
lated film coefficient as a function of salt and metal 
temperature based on a free convection model.3 It can 
be seen that a coefficient of about 200 Btu hr"1 ft"2 

°F~' can be expected if the cooling surfaces are 

maintained at 1100°F and if the salt is allowed to reach 
1300°F. Being cooler than the bulk, fue! salt near the 
thimble surface flows downward, becoming turbulent 
very near the free surface. Because the flow is turbulent 
ovei almost the entire thimble length, the film coeffi
cient a constant over the entire length. The thick «*; of 
the turbulent boundary layer was calculated (Fig. 1.6) 
based on a vertical flat plate model.4 The results suggest 
that it may exceed 1 in. near the bottom of a lor*?, 
thimble. The same model was used to estimate the 

3. K. Jacob, Heat Transfer. Vol. I. Wiley, 1949. p. 529. 
4. E. R. G. Eckert and T W. Jackson, NACA Technical Notet 

WM, October 1950. 
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temperature distribution (Fig. 1.7) am' the velocity 
distribution (Figs. 1.8 and 1.9) in the boundary layer. !t 
can be seen that most of the temperature n « occurs 
within half the boundary layer thickness, and the salt 
vei'Ki**/ car. approach several feet per second. These 
resuits indicate that natural convection provides a great 
deal of mixing, so a uniform bulk salt temperature can 
oe assumed for design purposes. 

Based on die film coefficient shown in Fig. l.S, the 
heat transfer surface required to accommodate 50 MW 
wss determined (Fig. 1.10). If he cooling surfaces 
operate at 1100°h (average) a-_. the bulk salt is 

1.0 
ORNL-DWG 72-13706 
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Hg. 1.7. Tempentnre dittiibatiofi m f«jel salt near thimble 

ORNL-DWG 72-13 f 07 
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Fig. 14. r, a constant used with the velocity distribution in 
Fig. 1.5. 

permitted to approach 1300°F, it can be seen that an 
area of 4200 ft2 is required. The heat transfer area 
together with the fixed heat ioai determine the heat 
flux .?nd. hence, the temperature drop between the 
thimble surface and the flowing NaK. Figure t . l l 
shows calculated NaK temperatures for various choices 
of salt and salt temperatures. For 1300°F salt and 

ORNL-t/WG 72-13708 
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1100°F metal the NaK temperature would have to be 
about 960°F. This result is based on bare thimbles, that 
is, no fins. However, if veitical fins are put on the 
thimbles so that the number of thimbles can be 
reduced, .he heat f!*ix will be greater and the NaK 
temperature will have to be substantially lower. 

Because heat transfer through the thimbles is limited 
primarily by the salt film c> efficient, fins greatly 
improve the heat-removal .-;v„ «y of a thimble. A 
standard analyst of fin eftic^ncy show, that a fin 
height of V2 in. is n.-ar optimum. Calculations show that 
'/8-in.-thick fins spaced V2 in. span increase the 
effective heat-remova> capacity of a thimble by approxi
mately 50>. 

The temperature rise of the NaK as it flcvs down and 
up a thimble v as determined by constructing two heat 
balances on a thimble segment: one for downfiow and 
one for upflow. Based on a uniform heat flux Q, the 
solutions to the two differential equations arc presented 
and plotted in Fig. 1.12. It can be seen that an 
approximately uniform thimble temperature can be 

achieved by choosing design parameters such that the 
NaK temperature at the bottom is equal to that of the 
upflow at the top (i.e., at the salt-free surface). Equal 
temperatures (top and bottom) can be achieved by 
choosing design parameters such that 

2ffrDf7D.V^A77(2=2, 

where A7* is the overall NaK temperature rise (see 
nomenclature). Assuming that the heat-rejection system 
does not impose additional constraints on the drain 
tank design, the problem is now reduced to one of 
choosing design parameters which satisfy all the pre
vious relationships, li is desired, however, for the 
number of thimbles N and their height H to be as low as 
practical and for AT to be as large as practical. The 
latter is to provide adequate driving head with a 
minimum elevation differential between heat source 
and sink. Thus, in the previous equation the down-
comer perimeter 2irrD and the overall heat transfer 
coefficient UD between NaK upflow and downflow are 
the only parameters which can be arbitrarily adjusted to 
satisfy the equality. Current efforts are directed toward 
determining the practical limits of each parameter so 
that a definitive choice can be made. 

Nomenclature 

h = salt film heat transfer coefficient (Btu hr"' f t - 2 °F~') 

x = distance down a thimble from the salt-free surface (ft) 
Gr ,= x3g 0(7.. - Tm)h2. Grashof number x 

g - acceleration of gravity (32.2 fps2) 
0 - salt volumetric expansion coefficient ("F"') 
v salt viscosity (lb ft"1 hr"1) 

Pr = 

bulk salt temperature 
thimble surface temperature 
Prandtl number 

6 = turbulent boundary thickness (in.) 
y = horizontal distance into salt from thimble surface 

v x = vertical salt velocity (fps) 
r = proportionality constant (fps) 

T(x) = Nak temperature (°R 
7,- = cold NaK temperature at salt-free surface (*R) 
7"j = hot NaK temperature at salt-free surface (*F) 

A7- = F 0 - 7> 
N - number of cooling thimbles 
H = heated length of coaling thimbles (ft) 

IHTQ = perimeter of down -omer in thimble (ft) 

Up - s. .rreli heat transfer coefficient from hot to cold Nak 
(Btuhr"' ft~ 2°F~'> 
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1.2.2 Wiyics Calculation* 
As part of the industrial MSBK design study, Ebasco 

is performing physics calculations to provide an inde
pendent check on the breeding ratio reported5 by 
ORNL for die reference design. To attain a high level of 
independence Ebasco is using different sources of data, 
different computer codes, and different m-ithematical 
treatment from thav used by ORNL, Specifically, 

5. Concept!*! Design Study of * Single Fluid Molten-Sett 
Breeder Reactor. ORNL-4541 (June 1971). 

Ebasco is uung ENDF/B data, whereas ORNL used the 
XSDRN library; Ebasco is using the 3D Monte Carlo 
code ESP for generating multigroup cross sections, 
whereas ORNL used the ID Sn code XSDRN; finally, 
Ebaacc « using the multigro-jp, multidimensional neu
tron diffusion code CITATION, where" ORNL used 
ROD, a multigroup neutrrri diffusfon code which 
synthesizes two dt»r.»nsiop> via a buckling iteration 
procedure. This system of codes offers not only a high 
level of independence but rigorous mathematical treat
ment as well. Becau* it does not have the capability to 
search for the equilibrium salt composition, it is 
inapp opria^ for routine MSR calculations. But for a 
reactcr haviig a *ell-defLted composition, this limita
tion does not constitute a handicap. 



II 

1.23 Ocinical Processing 

Continental Ch' l'otnp»»y has developed engineered 
process diagrams and mechanical arrangement drawings 
for the chemical processing flowsheet supplied by 
ORNL. This work represents the reduction of the 
ORNL flowsheet to a practical engineering design in 
which a< tention has been given to the details of coding, 
heating, shielding, construction, remote maintenance, 
safetv, recovery from accidents and process interrup 
tioi i, and replacement of major process components. A 
systematic attempt has been nude to include rll 
components and controls that would alio*- for norma! 
operation. Further, an attempt has been made to utilize 
the materials that have the lowest possible cost for the 
service conditions. Specifically, graphite, nickel, and 
Hastetioy have been utilized in addition to molyb
denum. 

The process, equipment, and plant layout are de
scribed in the Task 1 n-'-^rt1 foi the flowsheet shown 
in Fig. I .n . Continental Oil Company is presently 
preparing conceptual systems design descriptions for 
the plstif. 

13 XENON fSEHA VIOR IN THE MSBR 
FUEL SALT SYSTEM 

H. A. McLain L. W, Gilley T. C Tucker 

The digital computer program MSRXEP (Molten-Salt 
Reactor XI on Poisoning) has been written describing 
in detail the ' 3 5 X e behavior throughout the MSBR fuel 
salt system. This program incorporates the BUBBLE 
program reported previously6 describing in detail the 
inert purge gas behavior throughout the MSBR fuel salt 
system. The intent of this effort 3 to either confirm the 
results of the simplified calculations of Kedl7 describing 
the noble gas behavior in the MSBR or to make 
improvements where required. 

For the trial case using this program with the 
following assumptions: 

Coated graphite 
Number of bubbles: 44 bubbles per cubic centimeter 

of salt 
Total helium dissolved in salt and in gas bubbles: 1.0 

X 10"* moles/cmJ 

Gas v^pa.ator efficiency: 90% 

6. MSR rrojnm Semmm. Prop. Rep. Feb. 29. 1972. 
ORNL-* 78 2 

7. MSR Profiram Seimtnn. Progr Rep. Aug. 31. 1968 
ORNI.-4344.pp.72 74. 

the following result were calculated: 

Poisor fraction: 0.0038 
Average void friction: 0.0055 
Averag? bubble diameter: 0.0646 cm 
Average bubble mass transfer ccssuc'esit: 0.0166 

cm/sec. 

The following m?ss 135 fission product decay chain 
along with the indicated half-lives were assumed for the 
MSRXEP program: 

' i 5 S i X e 
; 15.6 nan) 

' 'Sfe - " " r e - , , 5 I ' , , $ C i - , , J B » 
( 2 0 « c ) ;29.0MC» (6-71 hrj % (3.0X 10* $**~J (stsMe) 

; i i X e .« 
(¥-21 hr) 

We assumed for the purposes of these calculations that 
the antimony, tellurium, and iodine are "dissolved" in 
the salt and do not migrate to the bubbles, graphite, or 
the metal walls. We reasoned that the half-lives of the 
antimony and tellurium are sufficiently low that the 
amount of these materials leaving the fuel salt other 
than by radioactive decay is insignificant. AD chemical 
evidence so far indicates that the iodine remains 
dissolved in the fuel salt and doci not migrate into the 
graphite. The xenons have a very low solubility in the 
salt and tend to migrate into the graphite and the gas 
bubbles in the salt. We assumed that the cesium is stable 
because of its very long half-life. The yields of ' 3 $ S b 
and ' 3 s Xe during the fissioning process have not been 
established with complete confidence and depend on 
the fissiie material being used. For the initial calcula
tions we assumed that these yields were 5.05 and 
i.i 1% respectively. Also, there is some question about 
tne branching ratio of the , 3 S I decaying to , 3 5 w X e 
and ' 3 s X e . We assumed that 30% of the ' 3 5 I decays to 
>3 *"»Xe in the initial calculations. 

Material balances in the form of first-order linear 
differential equations were written for each of the 
isotopes present in the fuel salt indicated in the decay 
chain shown above. Similar material balances were 
written for the xenons that had migrated into the gas 
bubbles circulating with the fuel salt. These first-order 
differential equations were then solved simultaneously 
throughout the fuel salt loop by an iterative process on 
the digital computer until a unique solution was 
obtained. 

As was done by Kedl,7 we assumed that the rate of 
migration of the xenons within the graphite and the 
pyroh/iic coating was determined by the Knudsen 
diffusion of these gases within the graphite. We assumed 

http://ORNI.-4344.pp.72
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that the migration of , 3 5 m X e ond of , 3 $ X e was 
independent of each other and that the decay of 
1 3 5 m X e to ' 3 5 X e in the graphite did not Ouence the 
rate ot migration of ! 3 * Xe from the fuel salt to the 
graphite. These isotopes lose their identity in the 
graphite either by radioactive decay or by reacting with 
the neutrons in the reactor. 

When the unique solution of the material balances for 
these isotopes is obtained, the distribution of these 
tso*opes throughout the fuel salt loop is then known. 
From the dist.ibution of ' 3 5 Xe within the reactor core, 
the pc'^on fraction due to this isotope, the ratio of the 
neytons absorbed in I 3 5 X e to those absorbed in the 
ftssiie materia.1, can be determined. We assume that all 
of the I 3 S m X e that migrates into the graphite was 
decayed to ! 3 s Xe when we calculate the poison 

fraction. This should give a high value for the poison 
fraction in the reactor. 

14 HYBRID COMPUTER SIMULATION 
OF THE MSBR 

0. W. Burke 

A hybrid computer simulation model of the reference 
1000-MW(e) MSBR was developed. The model simu
lates the plant from too nuclear reactor through the 
steam throttle at the turbine. The simulation model is 
being used to determine the dynamic characteristics of 
the plant as well as to discover the problems associated 
with the control of the plant. The n^odel and results of 
some test simulations are described in ORNL-TM-3767, 
Hybrid Computer Simulation of the MSBR. 
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2. Reactor Physics 
A. M. Perry 

2.1 ANALYSIS OF HTLTRMSR 
LATTICE EXPERIMENTS 

G. L. Ragan O. L. Smith 

We have completed the calculations of k^ vs tempera
ture for the lattice used in these experiments,' using 
the cross-section library and calculation.-! techniques 
described in the last semiannual report.2 Results of the 
calculations and a comparison with experiment are 
given in Tabic 2.1. While the calculated and mt»wre4 
values compare very favorably, it should be noted that 
we do not claim such high accuracy for our calcula
tions, since changes larger than the differences noted in 
Table 2.1 would be produced by variations in cross 
sections well within our present range of uncertainty. 

Calculations relating to the other reactivity worth 
measurements are well along, but are not yet complete. 
These include reactivity measurements of three types: 
(1) fuel salt constituents such as Li, Be, and F, 
individually measured in a centrally located sample 
position; (2) simulated control rods: and (3) variations 
in lattice cell geometry and density. 

2.2 NUCLEAR PERFORMANCE OF LEAD-COOLED 
MOLTEN-SALT REACTORS 

J. R. Engel 

Some survey calculations have been performed to 
estimate the nuclear performance of large graphite-
moderated molten-salt reactors cooled internally by 

molten lead. Because of the anticipated complexity of 
the core structure in such reactors, we considered only 
systems in which the core was large enough (power 
density low enough) to allow a 30-year graphite life. In 
addition, it was presumed that continuous chemical 
processing for fission product removal and protactinium 
isolation would be available. Various combinations of 
channel dimensions, lead:salt ratios, and thorium 
concentrations were examined. The objective was to 
determine if the performance potential of such reactors 
is sufficiently superior to that of externally cooled 
pumped-salt systems to justify the very substantial 
effort required to develop lead cooling 'see also Sect. 
1.1.). Although the calculations were much less exten
sive than would be required for a detailed design, they 
did provide a basis for comparison. While breeding 
would be possible in these particular thermal lead-
cooled systems with (in some cases) a somewhat lower 
fissile inventory, it was concluded that the improve
ment in nuclear performance relative to comparably 
sized reactois with external cooling was at best marginal 
and therefore insufficient to overcome the technolog
ical disadvantages of the concept. 

Calculations were made for each of the lead-cooling 
concepts described briefly in Sect. 1.1. For the cases 
involving lead flow through the entire core, we made 
con ,)lete core calculations for start-up conditions with 
2 3 3 U as the only fissile nuclide The XSDRN3 program 
was used to produce effective neutron cross sections 
that were appropriate for each salt mixture and core 
geometry in 27 energy groups from the XSDRN 

1. E. P. Lippincott, Measurement of Physics Parameters for t$ 
USSR Lattice ir. tne HTLTR, BNWL-1633 (January 1972). 

2. MSR Program Semmum. Prop. Rep. Feb. 29, 1972. 
ORNL4782, pp. 18-21. 

3. N. M. Greene and C. W. Craven, Jr., XSDRN: A Discrete 
Ordinates Spectral Averaging Code. ORNL-TM-2500 (July 
1969). 

Table 2.1. Cotaparisoa of and calculated *. foi HTLTR-MSBR lattice* 

* . 

20°C 300°C 627°C 1000°C A*- (300 -+1000 O 

A. (calculated) 
1.0291 * 0.0012 
1.0316 

09976 t 0.0023 

1.0127i 0.0010 

1.0152 

0.9975 t 0.0010 

1.0065 i 0.0010 

10069 

0.9996 t 00010 

1.0037 t 00O12 

1.0038 

0.9999 t 00012 

-0.0090 ± 0.0016 
0.0114 

0.79 t 015 
""Vcafcabted/ 

1.0291 * 0.0012 
1.0316 

09976 t 0.0023 

1.0127i 0.0010 

1.0152 

0.9975 t 0.0010 

1.0065 i 0.0010 

10069 

0.9996 t 00010 

1.0037 t 00O12 

1.0038 

0.9999 t 00012 

-0.0090 ± 0.0016 
0.0114 

0.79 t 015 

*km for bare critical core of given composition. 
^Quoted errors include only experimental errors; uncertainties in calculated quantities are undoubtedly greater than these (see 

text). 
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Table 2.2 Nuclear performance of moiten-s'.t reactors with internal lead cooling throughout the core 

Downcomer Fuel mixture 
LiF/Bei 2 /ThF 4 

tmole^) 

Core 
C.V 
ratio 

Fissile 
specific 

inventory 
|kg/MW<e)l 

Breeding ratio Lead poison 
Lead salt 

ratio 

Fuel mixture 
LiF/Bei 2 /ThF 4 

tmole^) 

Core 
C.V 
ratio 

Fissile 
specific 

inventory 
|kg/MW<e)l 

Breeding ratio Lead poison 
Type 

Lead salt 
ratio 

Fuel mixture 
LiF/Bei 2 /ThF 4 

tmole^) 

Core 
C.V 
ratio 

Fissile 
specific 

inventory 
|kg/MW<e)l 

Initial Infective fraction 

6 in. cylindrical 3.1 72/16/12 6,300 1.53 1.04 0.99 a 
6 in. cylindrical 3:1 72/16/12 10,700 1.17 1.00 0.95 a 
4 in. annular 3:1 72/16/12 10,700 1.16 0-97 0.92 0.15 
4 in. annular 3:1 71/9/20 7,500 1.66 1.05 1.00 010 
7, 6 in. annular 1-5:1 71/9/20 8,700 1.54 1.08 1.03 0.06 
4 in. annular 1.5:1 71/9/20 5,400 2.24 1.10 1.05 0.06 

aNot computed. 

123-group cross-section library.4 The resultant cross 
sections were used in a 27-group one-dimensional 
diffusion calculation (also with XSDRN) to determine 
the start-up breeding performance. The realtor was 
represented in sphericil geometry with a 2.5-ft-thick 
reflector and constant composition in the entire core 
region. We made no attempt to optimize the cores in 
terms of neutron damage to the graphite by varyii.g the 
fuel fraction across the core, since it appeared that the 
small changes in breeding performance associated with 
this exercise would not affect the conclusions regarding 
these reactors. Although the calculations did not 
explicitly include the buildup of higher isotopes of 
uranium or the poisoning due t" the equilibrium 
concentrations of fission products, we estimated that 
the reduction in breeding ratio from these effects would 
be 0.0S to 0.06. The results of the computations are 
summarized in Table 2.2. 

The first calculations were made for an array of core 
cells with a 6-in.-diam cylindrical downcomer of lead 
and salt in the middle of each cell. A fuel salt 
containing 12 mole % ThF4 was assumed, and the lead: 
salt ratio in the downcomers was 3:1. Although this 
concept was rejected on the basis that the salt inventory 
would be excessive because of salt carry-under in the 
disengagement region below the core, the nuclear 
performance was also unacceptable because positive 
breeding gains were not attained. Since it appeared that 
excessive lumping of the thorium in the downcoiner 
was adversely affecting the breeding, the concept was 
modified to provide an annular lead-salt downcomer in 
each cell. (This also reduced the problem of salt 
carry-under below the core.) However, the nuclear 

performance was still unacceptable with only 12 mole 
% ThF4 in the salt and the 3:1 ratio of lead.salt in the 
downcomers. The next step was to increase the thorium 
concentration to see if thorium could be made to 
compete more effectively with the parasitic neutron 
absorbers. A concentration of 20 mole % was selected 
even though we realized that the liquidus temperature 
(>500°C) might be unacceptably high for practical 
designs. As shown in the fourth case in Table 2.2, the 
higher thorium concentration was beneficial, but the 
nuclear performance was still marginal. 

The detrimental effect of the lead in the core is 
clearly shown by the lead poison fraction (absorptions 
in lead as a fraction of absorptions in fissile material), 
which varied from 0.1 to 0.15 depending on the 
thorium concentration. In an effort to reduce the 
neutron losses to lead, some computations were made 
for a lead:salt ratio of only 1.5:1 in the downcomers. 
This also led to improved performance, but the net 
result was no better than for a reactor with salt 
circulating outside the reactor vessel.5 

In a final effort to minimize the poisoning effect of 
the lead, a core was considered in which the lead was 
confined to a region of downcomer cells surrounding a 
core that contained only salt and graphite. It was not 
obvious that the fluid mechanics of such a core could 
be made acceptable, but it did represe.it the best 
nuclear performance we could expect with internal lead 
cooling. Calculations of the type described above 
suggested that an effective breeding ratio near 1.1 could 
tt attained with a 1.5:1 lead:salt ratio in the down

comers and 20 mole % ThF4. To estimate the potential 
at lower thorium concentrations with better accounting 
for fission products and higher uranium isotopes, we 

4. J. L. Lucius, J. D. Jenkins, and R. Q. Wright, The INDEX 
Data System: An Index of Nuclear Data Libraries Available at 
ORNL. ORNL-TM-3334 (March 1971). 

5. MSR Program Semiannu. Progr. Rep. Aug. 31, 1970, 
ORNL*622, pp. 26-28. 

http://represe.it
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reexamined an earlier calculation5 for a pumped silt 
reactor. A first-order perturbation calcu'ation was 
applied '.o a core with 14 mole % thorium in the fuel to 
estimate the loss in breeding ratio due to lead in the 
ouici core region and the reduction in fissile inventory 
associated with elimination of the external salt loop. 
This calculation indicated that the breeding-ratio pen
alty would be about 0.02, while the inventory would be 
reduced by about 15%. ftase estimates were in 
essential agreement with the performance estimated 
from the calculation £t 20 mole % thorium. Since none 
of the above-described results indicates any clearly 
superior performance for lead-cooled thermal reader 
systems, this study has been discontinued. 

2.3 PLUTONIUM USE IN 
MOLTEN-SALT REACTORS 

H. F. Bauman 
The piutonium that will become available from 

light-water reactors in increasing quantities over the 
next several decades could be utilized in molten-salt 
reactor; with a minimum of fuel preparation facilities 
One use for LWR pluionium could be as fuel for 
•woiten-ialt converter reactors (MSCR's) that have 
periodic batch processing. The other is as the start-up 
fuel f c molten-salt breeder reactors (USBR's) with 
Oii-ime processing. Over the past two years, we have 
made some 'united studies of the nuclear performance 
of molten-salt reactors using plutonium in various ways 
and have calculated the econoniics of these uses. In the 
course of these r.tudies we established the need for a 
computer progran. that could ovulate the time-
dependent behavior of a fluid-fueled reactor, including 
the effects of significant changes in the neutron 
spectrum caused by changes in the fuel composition,6 

and we developed the HISTRY-2 option of the ROD 
vode to meet this need.7 In the current six-month 
period, the HISTRY-2 option has been made opera
tional, and the piutonium studies have reached a 
culmination. 

Our results indicate that plutonium is a desirable fuel 
for MSCR's: if assigned a value of 9.9 S/kg fissile, 
plutonium gives soh«ewha. lower fuel cycle costs in an 
MSR than dees enriched uranium. Start-up of an MSBR 
on plutonium is feasible but appears to offer little or no 
cost advantage. The studies and results are described in 
detail in the following sections. 

6. MSR Program Se^ctnnu. Progr. Rep. Aa%. 31, 1$71. 
ORNL-4728, pp. 21-25. 

7. M»R Program Semiannu. Progr. Rep. Feb. 29, 1972. 
ORNL-4782, pp. 23-25. 

23 1 Fuel for Molten Salt 
Converter Reactors 

Molten-salt converter reactors arr basically similar to 
molten-salt breeders. In the MSCR. however, ihe salt 
may be processed only at i; tervaij of several years 
instead of being processed continuously as in the 
MSBR. The losses due to fission products and protac
tinium in a ba'ch-processed MSCR reduce the breeding 
ratio below 1.0, but even so most of tie fissions over 
the lifetime of the reactor are in bred 2 3 3 U. 

In the simple batch process assumed in our studies, 
after six equivalent full-power years (efpy) of operation 
the uranium is recovered hy the fluoride vo!atiIi*y 
process, and the remaining salt, containing fission 
products and any plutonium that may be in it, is 
discarded. The cycle Is then repeated. (It is presently 
uneconomical to recover plutonium from MSR salt.) 
For c r MSCR studies we used a simplified reactor 
model consisting of a spherical graphite core with a 
0.12 salt volume fraction surrounded by a 78.4-cm 
reflector with a 0.01 salt fraction. (Earlier studies had 
shown th?t the spherical model adequately represents 
the actual cylindrical core.) The core diameter was 
adjusted in each case to give a peak damage- flux 
equivalent to a graphite life of 30 yeais in a 
2250-MW(t) plant operating at a 0.8 load factor. 

The initial fissile loading and subsequent feed for an 
MSCR could be enriched uranium, plutonium, or 2 3 3 U 
from other reactors. Lower fissile loadings are required 
with plutonium because of its larger cross sections. The 
presence of much 2 4 0 P u tends to harden the neutron 
spectrum and increase the critical loading. However, 
this effect can be offset by reducing .he concentration 
of the mam fertile material, thorium, to maintain a 
well-thermilized spectrum.8 The conversion ratio that 
is Approached asymptotically in an MSCR depends 
mainly on the fertile loading and only slightly on the 
choice of fissile feed. The lower initial fissile loading 
and the lower assigned value for LWR plutonium tend 
to reduce fuel-cycle costs relative h those for uranium-
fueled MSCR's. Although the plutonium cannot be 
recovered economically fro»r. ?n MSCR, discard o~* large 
amounts can be avoided by switching to uranium feed 
for the last two or three years of each cycle, allowing 
most of the plutonium to burn out. The uranium 
recovered in the batch process may be used in the next 
cycle, or it nv.y be sold. 

We have examined the performance of molten-salt 
converter reactors with various combinations of initial 

8- Ibid, pp. 24-25. 
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Table 2.3. Feed compositions assumed in MSR studies 

Key 
Piutoniuir atom fraction 

De- iption Key 
2 3 9 P u " • f t i 2 4 , P u 2 4 2 P u 

First-cycle LWR plutonium" 
Second-cyck LWR plutonium* 

Pu(l) 
Pu(2) 

U(e) 
U(r) 
U(q) 

0.60 
0.40 

0.24 0.12 
0.32 0.18 

Uranium atom fraction 

0.04 
0.10 

Pu(l) 
Pu(2) 

U(e) 
U(r) 
U(q) 

2 3 3 u 2 3 4 u 2 ? i u 2 3 6 u 2 3 « u 

Enriched uranium 
Recycled MSCR uranium 
Equilibrium MSBR uranium 

Pu(l) 
Pu(2) 

U(e) 
U(r) 
U(q) 

0.78 
0.664 

0.178 
0.225 

0.93 
0.032 
0.058 

0.01 
0.053 

0.07 

'Composition typical of light-water reactor discharge after one or two cycles. 

Table 2.4. Composition and bqridus temperature 
of fuel carrier salts used in MSCR 

and MSBR calculations 

Composition (mole %) 

BeF2 LiF 

Liquid us 
temperature" 

(°C) ThF 4 

Composition (mole %) 

BeF2 LiF 

Liquid us 
temperature" 

(°C) 

MSCR salt 
14 17 69 495 
12 20 68 485 
10 23 67 475 
8 27 65 465 
6 30 64 450 
4 32 64 440 
3 32 65 440 
0 33 67 

MSBR salt 

460 

8 20 72 485 
10 18 72 490 
12 16 72 500 

flR. E. Thoma (ed.), Phase Diagram of Nuclear Reactor 
Materials, ORNL-2548, p. 30 (NovemNr 1959). 

fissile loading, primary feed (first part of each cycle), 
and secondary feed (latter part of each cycle). 

Plutonium and enriched uranium feed. A series of 
cases was run in which plutouium discharged from an 
LWR after one cycle was the primarv feed and enriched 
uranium the secondary feed. The feed compositions are 
given in Table 2.3. (The key abbreviations shown in this 
table are used subsequently to identify the feed 
compositions.) Based on previous work, we selected a 
reactor lifetime consisting of four cycles, each 6 efpy in 
length with feed switched at 4 efpy. In this study with 
the salt fraction held fixed, the thorium concentration in 
the carrier salt is the dominant parameter determining 
the moderator ratio, fisriie inventory, and the conver

sion ratio of the reactor. The fuel carrier salt composi
tions used are shown in Table 2.4. The salt composition 
is specified for a given reactor by giving the thorium 
concentration. 

The results of six cases, arranged in descending order 
of thorium concentration, are shown in Table 2.5. 
Based on the plutonium fissile loading study reported in 
the last semiannual report,8 in cases involving higher 
thorium concentrations, we used a lower thorium 
concentration in the first cycle than in subsequent 
cycles to reduce the initial fissile loading. The results 
show that thorium concentration has little effect on the 
core diameter required for a 30-year graphite life. With 
decreasing thorium concentration, the fissile inventory, 
as indicated by the initial loading, decreased, but the 
conversion ratio also decreased and the lifetime fissile 
requirements increased. These trends are reflected in 
the fuel cost breakdowns, which show the fissile 
inventory cost decreasing and the burnup co»t in
creasing. The result is a broad minimum in the fuel cost 
at a relatively low thorium concentration, in the range 8 
to 4 n.ole %, as shown by cases A57, A58, and A62. Of 
these three cases, AS7, with an 8% thorium concen
tration for all but the first cycle, has the lowest lifetime 
fissile requirement and may be considered a near* 
optimum case. Because of a high conversion ratio (near 
0.90), the fissile requirement (defined as the fissile 
material purchased over the reactor lifetime less that 
recovered at the end of life) for this case is less than 
3000 kg (or the entire lifetime. 

The important nuclide inventories for case AS7 are 
plotted as a function of time in Fig. 2.1. (To avoid 
overcrowding in this figure and those following, not all 
nuclides are shown for every cycle.) Relatively large 
concentrations of plutonium are required in the first 
cycle, before the 2 3 3 U has built in. Some additional 
plutonium is required to start the second cycle, as the 
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thorium concentration was raised from 6 to 8 mole %, 
but little plutonium is required in the last two cycles, 
when the reactor is nearly self-sustaining. For the last 
two cycles, more fissile uranium is available from the 
previous cycle than \s required for criticality at the 
beginning of the cycle. In these calculations, ihr 
uranium in excess of the cycle start-up requirement is 
held and used as feed for as long as it lasts. Plutjnium 
feed is then used until the end of 4 efpy. This accounts 
foi the zero phitonium concentration at the beginning of 
the last two cycles. In each cycle, the 2 3 , P u concen
tration begins to decline abruptly, and the 2 3 S U 
concentration begins to rise as the feed is switched from 
plutonium to enriched uranium at the end of the fourth 
year. 

Ftatoniuai and recycled uranium feed. Tut cases just 
described require the purchase of enriched Lranium in 
addition to plutonium. In a sense, enriched uranium is 

interchangeable with uranium bred in the reactor. since 
both are recoverable at the end of every cycle. Any or 
all of the recovered uranium could be withheld (instead 
of being loaded at the start of the nexi cycle) to be 
used in place of enriched uranium in the litier psrt of 
the cycle. Of ccu=se, any uranium used in the first cycle 
would have to come from an externa) supply, bit this 
requirement could be repaid later out of the uranium 
recovered at the end of the cycles. To explore the 
advantages of such an arrangement, we have calculated 
several cases in which exactly enough uranium is 
withheld from an MSCR to supply all the uranium used 
in this reactor H other points in its lifetime, in physical 
terms, we hr/e in effect established a "borrow pile"; in 
economic terms, we have established a nvrkei in 
recycled MSCR uranium. When recycled uranium is 
available in this manner, it can be used not only as feed 
during the last years of each cycle but also in the initial 

TabteA5. LUUmtc imaged perfontnee of MSCR 
feed for 

Lifetime: four 6-efpy cycles 
Feed:* Primary, ptatomiun, first cycle, Pi<(l) 

Secondary, 2 3 5 U , 9 3 * enriched, U(e) 
Switch from primary to secondary at 
4 efpy in each cycle. 

Case identification A56.1 A52.3 A37.23 A57 A58 A62 
Thorium concentration,* mole % 

Cycle 1 10 8 6 6 6 4 
Cycles 2 to 4 14 12 10 8 6 4 

Core diameter, -an 1064 1064 1062 1064 1064 1060 
Fissile mzlerul balance, kg 

Initial loading, Plutonium 1265 813 582 586 586 390 
Purchases 

Plutonium 3720 3496 3285 3i96 3374 4417 
2 3 $ u 230 561 1161 1610 2050 3103 

Discard, plutonium 176 107 71 76 77 59 
Recovery at end of life 

" 3 u 2923 2665 T;54 1672 1288 845 
» 5 u 230 223 318 372 409 461 

Net fissile require.nent* 797 1170 1973 2763 3728 6231 
Conversion ratio a Jfetime av 0.982 0.963 0.927 0.893 0.851 0.752 
Fuel costs,' mtils/' Wlir 

Fissile inventory 0-635 0.564 0.478 0.395 0.318 0.;:l9 
Salt inventory 0.069 0.065 0.062 0.063 0.063 0.060 
Fissile burnup -0.012 0.015 0.067 0.116 0.172 0J06 
Salt replacement 0140 0.134 0.128 0.123 0.118 0̂ 112_ 
Total fuel costs 0.83 0.78 0.73 0.70 0.67 0.70 

'Refer to Table 2.3 for iv£ compositions. 
*Refer to MSCR s*U compositions, Table 2.4. 
cAssuming discarded plutonium is not recoverable. 
rfNudear convetjion ratio, not considering plutoniutf discard or fhsile processing loss. 
'Excluding processing costs. Obtained from present-worth calculation of fissile, fertile, and carrier salt purchases and fissile sales 

over life of reactor, with discount rate - 0.07 year"', compounded quarterly, and inventory charge rate = 0.132 year -'. Values of 
2 3 5 233 11.9 $,'« ***U, 13.S %!f "*U, and 9.9 $/g fissile plutonium were assumed. 
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Faj.2.1. lifetime inventories for MSCR case A57, with first-cycle piutonhim and enriched uranium feed. 

loading to avoid a high phtonium concentration and an 
excessively hard neutron spectrum. We investigated two 
repayment schemes. In one the borrowed uranium is 
repaid immediately at the start of the second cycle. In 
the other, the borrowed uranium is repaid in equal 
installments &t the start of the remaining three cycles. 

These possibilities are illustrated in the seven cases 
shown in Table 2.6. In every case, the feed is switched 
to recycled uranium from the stockpile at the e; d of 
the third efpy of each cycle. This uranium is returned to 
the stockpile at the end of the cycle. 

The first six cases in Table 2.6 form a series in which 
the thorium concentration was held fixed at 10 mole %. 
In the first case, the reactor was started up entirely on 
plutonium. In the next two cases, about 500 and 1000 
kg of recycled uranium were borrowed and used in the 
initial loading, and the borrowed uranium was repaid at 
the end of the first cycle. In the next ca%, the reactor 
was also started up with 1000 kg of borrowed recycled 
uranium, but this was repaid over the remaining three 
cycles. The next case was started with about 1500 kg of 
borrowed uranium, repaid over three cycles. In the 
sixth case, A55.3, the amount of uranium borrowed 
initially was chosen so that, when it was repaid in three 
installments, the plutcnium loading would be approxi
mately equal in all four cycles. 

The last <ise was run with a 6 mole % thorium 
concentration for comparison with the minimum fuei-
cost cast* from the previous series. As in case A55.3, the 
amount of uranium supplied initially was adjusted to 

give approximately the same plutcnium concentration 
in each cycle. 

Among the six cases with the same thorium concen
tration, there are only mino' differences in lifetime 
performance despite the large differences in the com
position of the initial fissile loadings. The most visible 
effect is that using more plutonium early in the lifetime 
lowers slightly the fuel cost. However, there may be 
advantages for a race uniform loading ever the reactor 
lifetime that do not appear in the data. For example, 
the zoning of the core to reduce the peak damage flux 
is probably more effective when the cycles are more 
nearly uniform. 

It would appear from these results that the reactor 
designer has a wide latitude in the choice of feed modes 
without greatly affecting the reactor performance. This 
is further illustrated by comparison of case A60.1 with 
A58 in Table 2.5. In case A58. the first loading wis all 
olutonium, and the switch feed was enriched uranium. 
The conversion r?iios and fuel costs for these two cases, 
however, differ by less than 1%. 

The inventories of the importai/ nuclides for case 
A60.1 are plotted as a function of time in Fig. 2.2. The 
four cycles are very nearly alike. The major difference 
from cycle to cycle is the increase in inventory of 
234,j 23SJJ a n r f 23tV w h i c h d o flot r c a c h c q u i l i b -

rium in one reactor lifetime. 
Start-up with er-riched uraniuir or recycled plu

tonium. In all the foregoing cases, we assumed that 
initial fissile loading was either plutonium discharged 
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Table 2.6. Lifetime-avenged pe»fotm»»tce of MSCR designs with Plutonium 
and botvowed recyctaf uraiwun feed 
Lifetime: four 6-efpy cydes 
Feed:* Primary, Pu( 1; 

Secondary, U(r) 
Switch at 3effy in each cycle 

Case identification A61 A53.4 A54.1 A59 A50.3 A55.3 A60.1 
Thorium concentration,6 mole % (all cycles) 10 10 10 K 10 1G 6 
Ni«mbcr of uranium return cycles 1 1 3 3 3 3 
"ore diameter, cm 1062 1064 1062 1062 1062 1062 1066 

":ssfle material balance, kg 
n»»..il loading, by cycle 

Plutonium 
1 1154 813 568 568 290 ?41_ 240 
2 94 311 530 163 226 24 i 254 
3 0 0 16 129 215 233 247 
4 0 0 0 125 213 229 2 5 

Uranium 
1 0 495 991 991 1479 1569 758 
2 1805 1412 1061 1729 1636 1611 774 
3 2068 2060 2022 1842 1689 1654 8!2 
4 2125 2119 2115 1884 1713 1674 829 

Purchases, plutonium 3614 3603 3546 3529 3521 3518 4712 
Discard, plutonium 120 99 84 79 76 76 33 
Recovery a. end of life 

2 3 3 u 2066 2067 2059 2059 2050 2048 970 
2 3 S U 195 191 188 178 168 166 109 

Net fissile requirement 1353 1346 1298 1293 1302 1303 3634 
Conversion ratio,'' lifetime av 0.955 0.953 0.954 0.953 0.953 0.952 0.857 
Fuel costs/ mills/KWhr 

Fissile inventory 0.509 0.518 0.528 0.535 0.545 0.546 0336 
Salt inventory 0.070 0.070 0.070 0.070 0.070 0.070 0.064 
Fissfle burnup 0.029 0.029 0.027 0.027 0.028 0.028 0.157 
Sa't replacement 0.131 0131 0.131 0.131 0.131 0.131 0.119 
Total fuel costs 0.739 0.748 0.755 0.762 0.773 0.774 0.676 

Note: Refer to explanatory notes following Table 2.5. 
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Fig. 2.2. Principal nuclide lifetime inventories foe MSCR case A60.1, with first-cycle plutonium and recycle uranium feed. 
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from an LWR after one cycle. Pu(l>, or uranium 
borrowed from other MSCR's. U(0. Other possibilities 
for the initial loading and primry feed are enriched 
uranium, U(e). or p". Jtoniuir. **»-..• has been recycled in 
an LWR. Pu(2). The series of cases shown in Table 2.7 
compares the use cf the three different materials: U(e). 
Pu( 1), and Pu(2). (Refer to Table 2 J for the composi
tions assumed for these materials.) 

We selected similar initial conditions for the cases 
with the various feed materials; no attempt was made to 
optimize the conditions for each feed material. The first 
two case: «vith enriched uranium feed are to be 
compared *ith .he third case with first-evcie phitonium 
feed. Enriched uranium was the secondary feed in all 
the plutonium feed cases. Cases A-MA and A37.23 
?ppear most nearly alike, having the same thorium 
concentration in eacn cy^le. However, the plutonium 
feed case has additional fertile material in the form of 
2 4 0 P u , anJ may be better compared with case A42, 
with 10 mole % thorium in the first cycle. The 

difference in first-cycle thorium concentration affects 
the conversion ratio; of the two uranium feed cases, one 
has a higher and the other a low*, conversion ratio than 
the plutonium feed case. Both uranium feed cases have 
significantly higher fuel costs than the phitoni im feed 
case. 

We can make two comparisons of first- and second-
cycle plu ionium as feed materials. Cast* A37.23 and 
AS1.12 each have 6 mole % thorium in the first cycle 
and 10 moL' % in subsequent cycles. Cases AS8 and 
A63 have 6 mole % thorium in all cycles. The 
calculations show very little difference in the 
mance obtained with first- and second-cycle plutonium 
iced. Second-cycle plutonium appears to have a slight 
edge, giving fuel cycle costs that are lower by 0.01 to 
0.02 mill /kWhr. 

None of the cases discussed thus far take into account 
the neutron reactions of the transplutonhim nuclides. 
G. Alesii studied the buildup of nuclides in the chain 
from 2 4 2 P u through 2 4 s C m as a function of time at 

Tzbte 2.7. Ufethae-avenged peri 
with various feed 

of typical MSCR 
.tends 

Lifetime: four 6-tfpy cydes 
Switch to secondary feed, where 
applicable, end of efpy: 4 

Case identification A42 A41.1 A37.23 A51.12 A58 A63 A64 
trans-Pa 

Feed* 
Primary U(e) U(e) Pu(l) Pu(2) Pu(l) Pu(2) Pu(2) 
Secondary None None U(e) U(e) U<e) U(e) U'e) 

Thorium concentration,* mole % 
Cycle 1 10 6 6 6 6 6 6 
Cycles 2 to 4 10 10 10 10 6 6 6 

Core diameter, cm 1026 1020 1062 1062 1062 1062 1062 
Fissile material balance, kg 

Initial loading 2369 1453 582 700 586 J00 709 
Purchases 

Plutonium 0 0 3285 3123 3374 31% 3.153 
Uranium 3810 4569 l l o l 1187 2050 2089 2198 

Discard, plutonium 18 20 71 84 77 91 104 
Recovery at end of life 

2 3 3 u 1985 1978 2154 2155 1280 1286 12,7 
" 5 U 374 386 318 316 409 414 423 

Net fissile requirement0 1451 2215 1973 1839 3728 3580 3751 
Conversion ratio,'' lifetime av 0.939 0.907 0.927 0.931 0.851 0.857 0.351 
Fuel costs/ mflls/kWhr 

Fissile inventory 0.555 0.518 0.478 0.471 0.318 0.311 0.322 
Sat inventory 0.064 0.058 0.062 0.062 0-063 0.063 0.063 
Fissile burnup 0.070 0.113 0.067 0.061 0.172 0.166 0.17-
Salt replacement 0.122 0,118 0.128 0.128 0.1'8 Mii 0.118 
Total fuel costs 0.811 0.807 0.734 0.721 0.676 G.658 0.678 

Note: Refer to explanatory notes following Table 2.5. 
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several flux levels-' This study showed that the trans-
phitonium chain is always a aet absorber of neutrons, 
although for very long times fissions in 2 4 Cm and the 
2 4 1 Pu produced by way of curium returned nearly as 
many neutrons as are absorbed. For a typical MSR flux 
over a six-year cycle, the net absorptions in the 
transphKonium were abo.t 0.4 of the absorptions in 
2 4 2 P u . In case A64, we simulated the effect of the 
transplutonium chain by allowing 0.4 additional absorp
tion per neutron absorbed in 2 4 i P a . As compared with 
case A63, the conversion rat-j was reduced by about 
1% and the fuel cost incn ased by about 0.02 mill/ 
kWhr. Since this effect is proportional to the amount of 
2 4 2 P u in the resctcs, wc would expect about naif this 
effect for first-cycle plutonium feed, where the 2 4 2 P u 
concentration is about half. We conclude from ihese 
calculations that the effect of the transpiutonium 
nuclides, while not entirety negligible, is small enough 
that explicit representation of these nuclides in the 
ROD-HISTRY calculation is not necessary. 

The inventories of the principal nuclides in case A64 
are given as a function of time in Fig. 2.3. The pattern 
is not greatly different from ths* of the first-cycle 
plutonium feed case given in Fig. 2.1. except that the 
higher phitonium nuclides, particularly 2 4 0 P u , are more 
prominent. 

To sum up this study of the use of plutonium in 
MSCR's, we conclude that plutonium, enriched ura
nium, and recycled uranium are essentially interchange
able as feed materials. Because of the high conversion 

9. G. Aiesu, Oak Ridge Associated Universities participant 
from the University of Arizona, internal communication 
(1970). 

ratio in these reactors, their performance is dominated 
by 2 3 3 U no matter what feed material is ased or a: 
what point in the reactor lifetime ii is supplied. Either 
first- or second-cycle plutonium has about a O.i 
miU/kWhr cost advantage over enriched uranium, due to 
a lower assigned value for the plutonium feed. 

23.2 Start-up of an MSBR 
on Plutonium F»iel 

Although molten-salt breeder reactors will eventually 
produce excess 2 3 3 U , only small quantities of 2 3 3 U 
may be available at the time that the first generation of 
MSBR's are brought on the line. To provide the initial 
fissile inventory for these reactors, we must use the 
available fuels: enriched uranium or recycled plut> 
nium. Both are chemically stable in molten-salt systems, 
and from a nuclear tandpotnt they are essentially 
interchangeable. As shown in the MSCR study reported 
above, plutonium has the advantage that the initial 
loading t only about half that required for urainum r ?. 
well-thermalized spectrum. On the ether hand, Pluto
nium start-up of an MSBR would be inconvenient for 
two reasons. First, in the present flow sheet for 
chemical processing, plutonium is extracted from the 
fuel salt and is not recovered in i!ie MSBR protactin.um 
process. Second, recycled plutonium carries enough 
fertile material along with it, in the form of 2 4 0 P u , to 
require reducing the usual thorium concentration of the 
fuel salt. Neither of thsse disadvantages applies to the 
start-up of enriched uranium. However, if supply or 
economic conditions should strongly fa'or the use of 
plutonium over enriched uranium, the MSBR could be 
started up and operated for several years without 

-Pu(2)- -U(e) — -Pu<2>- -U(ei * * - V 2 ! - -u<«> — 

G•»*!.-DWC- 72-I4M6 

Pu(2)— — - - U(e) — 

ft tO 12 t? 14 16 
OPERATING TIME (tquivoltnt full-powtr ytors) 

Fij. 2.3. Principal nuclide lifetime inventories for MSCR cue A64, with second-cycle piutonhim and enriched uranium feed. 
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processing, as in the first cyc'e of some ci the MSCR 
cases. 

We have made a few exploratory calculation? on the 
star».-up of an MSBR using this scheme. We began by 
making an equilibrium calculation of the reference 
MSBR. using the same spherical cor* model that was to 
be used for the HiSTRY calculations. The resulting 
equivalent calculation, case SCC219. gave results in 
good agreement with an earlier calculation using a 
cylindrical approximation (case tX-'Q?. reported pre
viously7 ). 

It was necessary to make the KISTRY calculation in 
two stages, the first with plutonium feed and no 
processing and the second with continuous processing. 

For the first stage we picked somewhat arbitrarily a 
dura tier of 39 equivalent fuli-^ower months (efpm). 
Tlus coincides with the pfanr*j graphite life in the 
rett-rence MSBR. It is not necessary that the twc should 
coit-vide. 'towever. since the preliminary feed cycle may 
be ?nded at any tune by starting continuous processing. 
Plurxiium was used for the initial fissile inventory ?nd 
as feed for the first three months. For the last 36 
months, the fee... was switched tc equilibrium uranium, 
of the composition given in Table 2.3. For the first trial 
calculation, we reduced the thorium concentration 
from the 12 mole % normal Li the MSBR to 10%. This 
gave an initial critical loading of 10S0 kg of fissfie 
plutonium. This was a relatively high loading for 

Tabled* MSBRstart-on with pfartoaw 
i recycle »n timm feed 

Initial 
cycle 

Approach to 
equilibaiQB 

Lifetrnc 
total or 
-:«erage 

Equilibrium 

Case identification P3A.1 P3B SCC219 
Processing Batch Continuous Continuous 
Thorium concentration,' uiole * 8 !2 12 
Time, efpm 0-39 39-279 0-279 
Feed6 

Primary (first 3 nssftths) Pud) U(q) None 
Secondary (last 36 months) U(q) 

Fissile material balance/" kg 
Initial loading 

Plutonium 528 0 
Uranium, from initial cycle 0 1099 
Uranium, feed 0 223 

Total 528 1322 
Purchases, gross 

Plutonium 8% 0 896 
Uranium 722 318 1040 

Total 1618 318 1936 
Production, Uranium & 1493 1493 
Recovery at end of life, Uranium (1099^ 1366 1366 1366 
Discard, Plutonium 6 0 6 
Net fissile requirement* 520 -1442^ -S23 

Conversion ratio* 0.857 1.079 1.018 1.076 
Fissile costs/ mills/kWhr 

Fissile inventory^ 0.215 0.358 0338 0.3SC 
Fissile bumup or produc ion 0.169 -0.111 -C.0722 -0.112 

Total fissile cost 0.384 0.247 0266 0238 

"Refer to MSBR sJt compositions. Table 2.4. 
6Refer to feed compositions, Table 2.3. 
f Excluding nttterial in processing. 
Recycled. 
'On the same basis as in Table 2.5, notes c and d. 
'Calculated as(recye'e• puJiaso) - (production + recovery). 
'Except for the equilibrium case, on the same basis as in Table 2.5, note e. The Aqui&mum cost is 

based on the same material values and inventory charge rate, but assumes steady-staio vaftcs of 
expenditure. 
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plutonium fuel and indicated some hardening of the 
spectrum. w> therefore reduced the thorium concen
tration to 8 mole ac for the second trial and obtained an 
initial loading of 530 kg of fissile piutomum. The 
results of tab calculation are given as case P3A. I in 
Table 2.8. The second stage of the hISTRY calculation 
was started with uranium available at the end of the 
first stage. Equilibrium uranium was supplied as needed 
for criticality and as reed unti! the reactor became 
self-sustaining. Continuous processing by the reductive-
extraction-metal-transfer process on a ten-day cycle 
was simulated. The results of this calculation are given 
as case P3B in Table 2.8. 

The principal nuclide inventories from the two-stage 
calculation are plotted «s a function of time in Fig. 2.4. 
The plot for the first 39 months closely resembles an 
initial MSCR batcn cycle, except thit the duration is 
shorter. We see that switching to uranium feed for the 

last 36 months of this m!tial stage allows more than 
*noucii urw fot the burnout of plutonium. In the 
second s»age (continuous procciSingL the nuclide inven
tories start practically at their equilibrium vtlues and dc 
not change much over the rest of the reactor lifetime. 
The equilibrium inventories calculated in case SCC2I*J 
(indicated by points at. the end of the plot! are in good 
agreement with the cnd-of-iitetime values from the 
HlSfRY calculation. One advantage of this start-up 
with plu'.or.ium and bred uranium is that the equilib
rium concentration of : 3 * U b never exceeded. Con-
siderabt> higher 2 3 * U concentrations would be ex
pected in an enriched uranium start-up. 

This example of a plctonium start-up requires 1040 
kg of equilibrium uranium mixture, over a period of 
4% calendar years, compared with only 1360 kg that 
would be required if no plutonium wer- used. Several 
ways could be considered to reduce the amount of 
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uranium and increase the amount cf plutonium used in 
the start-up. The plutonium feed tirr* could be ex
tended from 3 to i 2 •Tionths with little penalty for the 
discard of plutonium. The thorium concentration might 
be increased '.o 10*5 in the preliminary cycle, but this 
would significantly increase the inventory cos;. Two 
preliminary cycles could be used with. say. 8 and 12 
mole 9c thorium. The uranium fed in the first cycle 
could be paid back at the start cf the second cycle, like 
an MSCR case with borrowed recycled uranium (refer 
to Table-5. case A52.3). 

23 J ROD Code Modifications 

The H1STRY-2 option of the ROD code, m which the 
reaction rate co£flR<ents are recakuhCcd at intervals, is 

noa>- operational. In addition to die extensive changes 
reported last period, we have programmeu HISTRY-2 
to converge on the start-of-cycle critical conceniratioas. 
The program iterates between MODRIC and HISTRY 
until both converge on a singic set of critical concen
trations. This eliminates any bias from the estimate ci 
starting concentrations and gives more accurate ini'tal 
concentrations for cycles after the first. 

Another new capability in HISTRY-2 is an option to 
approximate neutron absorptions in transp*uto?»ium 
nuclides by increasing ihe neutron absorptions in 2 4 2 P u 
by a fixed fraction, 0.4. The 3 4 z P» burnout calculation 
is not affected. 
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3. Systems and Components Development 
Dunhp Scott 

3.1 GASEOUS FISSION PRODUCT REMOVAL 

3.1.1 Separator and Babble 
Generator 

The detailed designs of the bubble separator and 
bubble generator for the gas system technology facility 
(GSTF) were completed, and the drawings were issued 
for fabrication. These units will be tested in the water 
loop befce installation in the GSTF. 

Bsbfefe SepOTtor (C. H. Gabbard). The final design 
tor the bubble separator is shown in Fig. 3.1. This 
design consists of a set of swirl vanes and a set of 
recovery vanes separated by a 44-ur-long tapered 
casing. The separated gas collects at a small-diameter 
void on the center line and is removed through both the 
swirl and recovery vane hubs along vith 9 to 11 gpm of 
entrained liquid. The separation efficiency of this 
design was reported previously.1 

Tests are currently in progress tu determine the radial 
and a?dal velocity and pressure distributions of the 
vortex. Figure 3.2 shows these velocity and pressure 
distributions for the design flow conditions at the two 
locations indicated on the figure. The tangential veloc
ity distribution at radii greater than the hub radius 
(0.86 in.) was found to be that of a free vortex, that is, 
the tangential velocity at a given radius was equal to a 
constant divided by the radius. The velocity measuring 
probe was found to. alter the tangential velocity 
distribution n the venex, particularly when inserted to 
radii less than 0.3 in. This change in the tangential 

1. MSsi Prop-am Semkmru. 
ORNL-*782. 

Prop. Rep. Feb. 29, 1972, 

velocity distribution was indicated by the increase in 
gas void static pressure difference from —91 to -71 ft, 
shown in Fig. 3.2. The iargest portion of this change 
occur.id after the probe v as inserted to radii less than 
0.8 in. Therefore, the unperturbed velocity distribu
tions would be somewha* different from the measured 
distributions, especially at radii below 0.8 in. Until a 
better method of measuring thii velocity is found, we 
plan no further work in this area. 

Bobble Generator (C. K. Gabbud). The final buoble 
generator design for the GSTF is shown in Fig. 3 3 . The 
venturi dimensions were selectea to prodice the desired 
bubble size and to achieve the largest pressure depres
sion at the throat to facilitate t! •* injection of gas while 
still keeping the thro it pressure sbove the point where 
cavitation would be a problem. Previous test results 
showed that the pressure required co inject gas into the 
flowing salt increased with increasing gas How rate. 
Several attempts to reduce this pressure increase by 
design revisions to the bubble generator were only 
partially successful, and the increase was found to be 
the summation of the following four mechanisms: 

1. Increased mixing losses in the throat and dilfuser 
with the increased gas fraction. 

2. The work of gas compression between the throat 
and discharge pressures. 

3. The pressure drop in the gas supply passages 

4. A pressure difference which was found tc exist 
between the gas plume and the bulk fluid at the 
throat. This pressure difference is believed to pro
vide the force to divert the liquid flow around the 
gas plume. 
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Fig. 3.1. Bubble separator design for pt tyttan technology faculty. 
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Fit. 3 * Bubble genen'of te±mp. tor gas system technology facibty. 

A calcuUijonal procedure was developed to calculate 
the required # s supply pressure as a function of liquid 
and gas flow rates. The first three mechanisms listed 
above are calculated directly from the fundamental 
relations involved, but the pressure difference in item 4 
is obtained fror^ an empirical correlation derived from 
the water test loop data using the liquid velocity and 
the void fraction at the generator throat. 

Figure 3.4 shows a compamon of the calculated to 
measured pressure distribution of tit prototype GSTF 
bubble generator operating in the water test loop. TV. 
inlet and gas injection pressures zjt referenced to the 
discharge pressure of the bubble generator. A report is 
in preparation to describe the *at*r tests and the 
development of the CSTF bubble generator. 

Bubble Generator Anrtysfe (T. 3. Krer;). The present 
bubble ,7merator consists of a converging-diverging 
nozzle iu which gas is injected into the throat. The fluid 
tuiouience breaks tiie plume into small bubbles in the 
throat and diverging sections of the separator. 

The f o l d i n g analysis w% made to relate the size of 
bubbles generated in a turbulent field to flow rate, 
dimensions, and fluid properties. 

At the turbuirnt Reynolds numbers of interest h< the 
bubVe generator, re pons of local viscous LOW are small 
cornered with the size of the bubbles. Consequently, 
one would not expect the bubble breakup to be the 
result of viscous shearing. More likely, the bubble size is 
controlLJ by a balance between turbulent /orces and 
surface tension forces. 

An expression v,<t* developed earlier1 for a mean 
valve of turbulent inertia! forces F, in terms of the 
power dissipation per unit volume e . 

,,-£(!£)". 
where 

o •- density, 

d - bubble diameter, 

gc - proportionality constant. 

The surface tension forces Fs can b written as 

Fs ~"od . 

where a ~ surface tension. Therefore, the ratio of 
initial to surface tension forces, FilFv defines a 
"turbulence*' Weber number We in terms of the power 
dissipation, 

— wfpr)1" la. 

This dimeiiiionless parameter rs expected *o control the 
equilibrium bobble size «n tfie absence of coalescence, 
so that 

-(v)"'(-4)"' (0 

This relation was originally proposed by Hinze3 Tor 
droplets immersed in an immiscibk P J . To use it, the 

1 T. S. Kress, Mass Tnmfet Between Small Bubbles and 
Liquids in Cocunem Turthdeni Pipeline Flow, ORNL-TM-3718, 
Apji' 1972. 

3. ). 0. .-finz-, "Fundar-̂ iMals of the Hydrodynaimc Mech
anism of Splitting in Du^e.iion Processes." AKhF J. 1(3), 
289-95 (September 1955). 
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F|g. 3.4. Catenated and observed preanie distribvtion of 
GSTF prototype babble generator at £00 gpm. 

power dissipation in the region of bubble generation 
must be known. An expression has been recoiraiiended2 

for the power dissipation in a region of constant-area 
well-developed turbulent flow in a conduit. If the angle 
of divergence i& not large, then the local rate of energy 
dissipation may be proporticrt.d to that for conduit 
flow using local parameters. This would give 

ev 
(2) 

where /> - viscosity, D = conduit dvimeter, and the 
vali>'-i of Re and D at the region of bubble generation 
are to be used. 

Substituting (2) into (1) results in 

number to about -1.1 p*iwer. Data from tests of a 
bubble generator described in ref. z agreed very well 
with the —1.1 power. However, data taken with the 
generator presently proposed for use with the GSTF a»c 
better correlated by about - n 8 power. The two 
generator: may differ significantly in the mechanhni of 
bubble generation. In the former, bubbles are generated 
in the central po.tion of the crors section, whereas in 
the latter they are generated near the wall in a region of 
high shear. It may be that in thr present design bubble 
size is determined more by local shear rates than by the 
average power dissipation. Further analyses will be 
attempted to d»:ify the difference. 

3.1.2 Bubble Formation 
and Coalescence Test 

C. H. Gabbard 

The bubble formation and coalescence tests on 
2LiF-BeFj and 72liF-16&:F2-12ThF4 MSR fuel salt 
were temporarily delayed 'fue to a mechanical failure of 
the shaker drive and clouding of the quartz furnace 
liner. New capsules have been loaded with fuel salt 
containing 0, 0.1, and 0.2 mole % UF 4 . The rufl 0J 
mole % of UF 4 for MSR furl was cot loaded because 
the darkness of the melt would probably prevent 
photography of the bubbles. A test melt of the 
72-16-12 salt was dear and did not contain any 
indication of the impurities that had been observed IP> 
the previous fuel salt capsules. The shaker drive and the 
furnace finer have been replaced and testing will be 
resumed. 

3.1.3 Mass Transfer to 
Circulating Itobbfcs 

T. S. Kress 

Man transfer. The experimentally deternuned correla
tion for mass transfer between cocirculating bubbles 
and liquids was reported4 to be 

d/D ~ ( i -opD/^/s /Re 1 «/1 o « > 

Sh/Sc 1/ 2 =0.34 Re 0-* 4 (djDV-' , 

where 

Sh = Sherwood number, 
Sc " SCJU.HU: nu*r.ber, 
Re * Reynold: nur.iber, 

dy, = bubble Sauter-mean diarneivr. 

(4) 

Expression (3) predicts tha* 'he bubble size produced 
in a turbulent field will be prop rtional to the Reynolds 

*. MSr. Program Semiannu. Progr. Rep. Aug. 
ORNL-4728,pp.41-44. 

31, 1971, 

http://ScJu.hu
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Although pipe diameter D was included as a logical 
nondimensionalizing factor, no actual variations in pipe 
size wer.* made in arriving at the correlation. Conse
quently, experiments with variations in pipe diameter 
were planned to measure the actual dependence, and 
the experimental facility was converted for use with a 
conduit diameter of 1V2 in. compared with the original 
diameter of 2 in. This change necessitated recalibration 
of instruments, rewriting of data reduction programs, 
anu making preliminary experiments to verify correla
tions of bubble size distribution and volume fraction 
that had been established for the original conduit size. 
These changes and preliminary tests were completed, 
and a new set of mass transfer data was taken for t25% 
mixture of glycerine in water. Othei than for the above 
validation of supporting parameters, these data have not 
yet been reduced to mass transfer coefficients. 

It was necessary to shut down the mass transfer loop 
for routine maintenauce of the bubble separator during 
attempts to obtain a second set of data with a 37.5% 
mixture of glycerine-water. Over extended periods of 
operation, the special separator used iri the mass 
transfer measurements tends to accumulate particulate 
debris that must be removed or the separator efficiency 
decreases to unacceptable levels. 

A theoretical analysis3 indicated that Sherwood 
number Sh should depend on (rf^/D)1'*. It was earner 
speculated that the observed higher dependence [Eq. 
(1)] may h«ve been due to * transition from rigid-
interfrce (small bubbles) to mobfc-interfacs (toge 
bubbles) behavior. Additional examination of the data, 
however, indicates that the interface was mobile 
throughout the .measured range. No new hypotheses 
have been made to satisfactorily explain the linear 
dependence. 

3.2 GAS SYSTEMS TECHNOLOGY FACILITY 

R. H. Guymon 

Work on the GSTF was suspended during three 
months of the period because of a midyear cut in the 
budget. Although the work was resumed in July, 
rescheduling will not be done until it can be determined 
what effect the delay will have on the availability of 
craftsmen and on the construction plan. The following 
describes the status at the end ot the period. 

The mechanical and electrical design of the facility 
approached completion in August, and procurement of 
components and construction of the loop was started. 
The instrument application, control circuit, and panel 
layout drawings were approved and issued. Most oi the 

instruments needed were removed from the MSRE and 
have been checked out and repaired. Fabrication of the 
instrument par.-is was started. 

The Mark II pump was cleaned and is being refur
bished and modified to provide the pressures and flows 
needed ft» the GSTF. 

A preliminary system design de;>cription (PSDD)5, as 
well as the system design description (SDD), was issued 
in March. The master copy of the SDD, which is serving 
as the primary design control document, has been 
continuously updated since theu, and revisions are sent 
periodically to recipients of the SDD. 

3.3 MOLTEN-SAM STEAM 
IERATOR INDUSTRIAL PROGRAM 

J L. Crowley 

Foster Wheeler Corporation, the firm selected to 
inakj a four-task conceptual design study of molten-salt 
steam generators,6 is proceeding with Task 1 - Concep
tual Design of a Stean Generator for the ORNL 
lOOO-MW(e) MSBR Reyrenc* Steam Cyd*. Foster 
Wheeler is being assisted by Gulf General Atomic 
through a subcontract for a portion of this design 
study. Of the 24 subtasks in Forter Wheeler's Task I 
work plan, 10 are now compete. The remaining 
subtasks, including the Task I final report, jre expec :ed 
to be finished by the middle of November, after which 
they will proceed with Task II - Feasibility Study and 
Con -gstual Design of Steam Generators Usirg Lower 
Feedwater Temperature 

A vertical "L" configuration of unit size (i.e., one 
steam generator per secondary coolant loop) was 
chosen by Foster Wheeler as best meeting the .+»«£<: 
criteria established jointly with ORNL. 

The preliminary sizing of the steam generator resulted 
in a quite tail unit of about 115 ft. Foster Wheeler 
found that when cross-flow baffles ?/ere placed as 
required to meet the vibration criteria, excessive shell 
side pressure drop resulted. As a result, Foster Wheeler 
is now showing long flow (U., no cross-flow baffles) on 
the shell side. 

Foster Wheeler requested wore definitive information 
on the number of thermal traru'snts to be expected in 
the life of tie MSBR for use in their analysis of thermal 
stress in nozzles, heads, and tube sheets of the steam 

5. R. H. Guymon, Preliminary Design Dewriptjon of the Gat 
Sytterr. Tedimylogy Facility (GSTF), ORNI. internal memoran
dum, March JO, 1972. 

6. MSR Progrwm Semhmnu. Progr. Rep. Aug. 31, 1971, 
ORNL-4728, p. 29. 
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gerierator. Although no expensive study of h. isients 
has been made for the MSBR, a limited nurioer of 
hybrid computer simulations have beer- run f̂ sor.je of 
d»e most severe transients expected in .m MSBR 
system.7 Based on these simjlat'ons. the list shown 
below was supplied to Foster Wheeler for use in their 
fcaign study.8 Because there were hmitaaens in both 
the number of simulations and in the manner in which 
the simulations were modeled, the list is somewhat 
arbitrary and conjectural. However, the evsnts selected 
and die number of occurrences are believed to be 
sufficiently representative for use in the conceptual 
Hpcion «too£ 

Nwaberofi \U 

1. Rapid change in salt flow rate, 
100% to 75% in 5 sec (see Fig. 8 
ofrei.9). 

2. Rapid change in load demand, 
100% to 40% in 3 sec (see Fig. 7 
ofref.9). 

3. Reactor shutdown (2 rods inserted). 
Reactor power from 100% to 12.5% 
in 1% sec (see Fig. 10 of ref. 9). 

4. Normal load change aerate of 4%/min. 

30-year life 

120 

50 

150 

a. FuD Ir» 70%. 300 
b. 20% to fuH. 300 
c. Changes of 20% or less. 10,000 
Complete heat-v sol-heat cycles. 
s. Room temperature to operating 50 

heat. 
b. Operating heat to room 50 

temperature. 

Analysis of the sudden load-reduction transient (item 
2 above, which results in a sudden increase in tiie outlet 
steam temperature) indicated severe thermal stresses. 
Foster Wheeler's present design incorporates thermal 
liners in both the steam-side outlet head and in the tube 
sheet to reduce these thermal stresses to a tolerable 
level. 

7. MSR Program Semiamm. Progr. Rep. Pel. 29, 1972, 
ORNL-4782. 

8. i. L. Crowley, Proponed Transients for Vie in the 
Conceptual Design of the MSBR Steam Generator, MSR-72-72 
(Aug, 8,1972). 

9. O. W. Burke, Hybrid Computer Simulation of the MSBR, 
ORNL-TM-3767 (May 5, 1972). 

3.4 COOLANT-SALT TECHNOLOGY 
FACILITY (CSTF) 

A. I. Krakoviak 

Construction and installation of the CSTF were 
completed in August, and check xjt of the control 
circuitry and equipment was in p;ogres? at the end of 
ti:e period. Figyn 3.5 shows the CSTF enclosure, pump 
motor, cable trays, control and gas supply cabinets, 
salt-mon tonr.g vessel, and cold trap. Salt circulation is 
schrduted for September. 

The fchum purification system and the salt-pump 
Rubricating oil system which were used during MSRE 
operations were moved to 9201-3 and are now in 
s&rvice for use in the CSTF. The oxygen getter 
(titanium sponge) in the helium purification system and 
the oil m the lube o i system were replaced prior to the 
CSTF service. An on-fine oxygen analyzer (Lockwood-
McLorie Model 0-1000) indicated that the purification 
system reduced the oxygpn content of the helium 
supply from about 1.1 to about 0.7 porn. 

The spine pump-rotary unit which was in readiness 
for use in the MSRE coolant salt pump (but not used) 
was refurbished and installed in the CSTF. With the 
exception of calibration of the float-type level element 
on the pump bowl, oreoperational check-out of the salt 
pump is complete, .nstaflation of the alternative power 
source for the salt pump (variable-frequency motor-
generator set) is scheduled for completion in the latter 
part of September. This unit is planned for use 
primarily by the gas system technology facility but wfll 
be used for the CSTF during startup and when required 
by the experiments. 

Except for the drain tank, which is charged with 
sodium ihioroborate, the salt-containing portion of the 
CSTF was heated to S00°F and purged with treated 
hebum at the rate of 3 bten/min (STP). From an initial 
moisture content in the off-gas of 55 pom (IHEECO 
ekcuorytk wa*er analyzer), the moisture content in
creased to a value in excess of 1000 ppm at shown fci 
die solid curve in Fig. 3.6. During die next tempers**!!* 
increase (from 500 to 950°F), additional moirture was 

. * ! off in the off-gM stream, as shown by the 
das^u tit*. Th» additional moisture was given off by 
die components of the salt-monitoring vessel aid cold 
trap that normally wifl operate at about 200 to 300°F, 
while the salt-containing portion of the loop open 
900 to 1150°F. The purge wifl continue until « 
equilibrium is reached. 
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PHOTO 4438-72 

Fig 3.5. Coolant salt technology facility. 

3.5 SALT PUMPS 

A. G. Grindell W. <. Huntley 
L.V.Wilso.1 

?.S.l Salt Pumps for MSRP 
Technology Facilities 

Pumps for the roobnt-ntt technology facility. The 
feconditioning of the rotary assembly for the spare 
MSRE coolant-salt pump 1 0 was completed, and cfter 
cold shakedown tests it was installed in Ihe pump tank 
in the CSTF. The oil-lubrication system was subjected 
to preoperational testing, and die oval-ring gasket in the 
flange joining the rotary assembly to the pump tank 
was satisfactorily leak-tested. The electric drive motor 
for Ibe pump w» cleaned, refurbished with new ball 
bearings, and subjected to an electrical check-out. After 
installation in the CSTF, the motor was operated to 
establish the proper direction of rotation and to verify 
that the motor and pump operate smoothly at the 
normal rotation spec*, approximately 1750 ipm. 

In light of this experience, the assembly procedure for 
the M3RE coolant pump was revised to incorporate 
improvements in the installation of shaft bearings and 
the assembly and installation of shaft seals. Several 
p"mp drawings were revised to reflect the changes and 
to bring the drawings up to date. New record drawings 
were issued for the special equipment used in the cold 
shakedovm test and for the equipment used to deter-
mme the effective diameter of the bellows seal assem
blies. 

Pump for the gas system technology facility. The 
MSRE Mark II fuel salt pump1' is being reconditioned 
prior to installation in the GSTF. The rotary assembly 
wfll be subjected to vibration tests to determine the 
critical frequency of the shaft with an attached pump 
impeller of die appropriate diameter. 

10. A. G. Grindell, W. R. Huntley, L. V. Wilson, and H. C. 
Young, MSR Program Semiannu. Prop, Rep. Feb. 29, 1972. 
ORNL-4782, pp. 34-37. 

11. Ibid., p. 35. 
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Fig. 3.6. Moisture content of loop gas during initial heatnp. 

Available vibration test equipment is being repaired 
and checked out. After the vibration testing is com
pleted, the rotary element will be disassembled and 
new bearings and mechanical seals will be installed in 
accordance with the detailed assembly procedure that 
was improved during assembly of the CS7F salt pump. 
The pump impeller is being machined from an available 
Hastelioy N casting, which was purchased in 1966. 

The spare drive motor for the MSRE coolant-salt 
pump will be used to drive the GSTF pump. It will be 
supplied from a variable-frequency generator and will 
provide variable pump speed operation up to 1800 rpm. 
The drive motor will be disassembled to install new 
bearings. The detailed procedures for refurbishing 
MSRE salt pump drive motors, recently revised to 
include improvements made during refurbishinf the 
CSTF salt pump drive motor, will be used. 

to other test equiprnent. However, the pump was placed 
in routine operation again on August 10,1972, *nd has 
now accumulated about 5800 hr of opt:nation at 
MSR-FCL-2 design conditions of 4800 rpm, pumping 4 
gpm of sodium fluoroborate at 850° F. 

A wattmeter was installed to measure the power input 
to the variable-speed pump drive, a 5-hp Adjustospede 
system. The input power was measured at 3.7 kW(4.96 
hp) with the pump operating at MSR-FCL-2 design 
conditions. The data were used to determine pump 
efficiency, which at the present relatively low flow rate 
is 8%. At a pump design flow rate of 30 gpm an 
efficiency of 40% is anticipated. 

Yitcn O-rings. The lower shaft seal for the ALPHA 
pump was equipped with Viton O-rings13>14 in August 
1971, after the original Buna N O-ririgs failed by attack 
from the effluent, a duV/e mixture of BF3 (<0.1%) in 
helium. To obtain perfotiuaiice information concurrent 
with pump operation, sample rings of Viton (Parker 
cc-npound 77-545) and Buna N were installed in the 
Ci fluent from the lower seal region of the pump. The 
O-rings have been examined alter 2000 and 4200 hr 
exposure, and no apparent degradation of the Viton has 
occurred. The Buna N was hardened and cracked at 
2000 hr exposure. Hardness data for both exposed and 
unexposed samples are: 

(Shore A) 

Buna N, unexposed 
Buna N, exposed to dilute BF3 (2000 hr) 
Buna N, exposed to dilute BF 3 (4200 hr) 
VHon, unexposed 
Viton, exposed to dilute BF3 (2000 hr) 
Viton, exposed to d£ ite BF3 (4200 hr) 

65-67 
85-87 
85-* J 
68-72 
65-70 
68-74 

The exposed sample O-rings were reinstalled for 
further test operation in the dilute BF3 effluent 

Oil leak. An oil leak from the upper end of the 
ALPHA pump shaft caused a shiit^rwvn of corrosion 
loop MSR-FCL-2 on April 28, 1972, after nearly 5300 
hr of satisfactory pump and loop operation. There was 
no f.re or serious damage to the test facility from the 
leak. About 1 gal of oil was lost from the lubrication 
system before the leak was stopped. However, ofl flow 
was maintained to the pump during the incident to 

3.5.2 ALPHA Pump 

Operation. The ALPHA pump 1 3 was operated only 
intermittently during the past six months due to an oil 
leak at the pump shaft and operation*! problems related 

12. Ibid., p. 35. 
13. Ibid., p. 35. 
14. A. G. GrindeU, W. R. Huntley, H. C. Savage, L. V. Wilson, 

and H. C. Young, MSR Program Semkmm. Prop. Rep. Aug. 31, 
1971, ORNL-4782, p. 36. 
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provide cooling to bearings and seals until the salt was 
drained and the pump was cooled to room temperature. 

The ofl leak occurred an the upper end of the pump in 
a soft-soldered joint between the bore of the Hastelloy 
N pump shaft and a 304 stainless steel plug on the oil 
guide tube. The oil system was being operated at 
normal design conditions with a flow rate of 0.2 psig. 
Visual inspection of the joint showed that the soft 

solder had cracked or failed around the entire circum
ference of the joint. 

Repair of the oil leak was accomplished without 
removing the pump from the MSR-FCL-2 facility. The 
joint surfaces were cleaned z-A resoldered. In addition, 
an oil-resista.it, rubber-gasketed seal was insulted to 
back up the soft-solder seal. In future pumps the joint 
will be seal-welded rather than soft-soldered. 
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4. Heat Transfer and Physical Properties 
H. W. Hoffman .. J. Keves, Jr. 

4.1 HEAT TRANSFER 

J. W. Cooke 

Final analysis has been completed of the heat transfer 
data for a proposed MSBR fuel salt (LiF-BeF2-
TiF4-UF4: 67.5-20.0-12.0-0.5 mole %) flowing by 
forced convection through a0.18-in.-IDX 24.5-in.-long 
circular horizontal tube. The results s«re shov.r. pitted 
in Fig. 4.1 in the form of the Sieder-Tate heat transfer 
function 

^ - r = l A N u ^ p r , / V ^ r 0 M J 

vs the Reynolds modulus 7VR,. The data were obtained 
under the following conditions: 

Reynolds modulus, JVRe 

Prandtl modulus, Nfl 

Average fiaid temperature, 
^ v (°F> 

Heat flux, Q/A (Btu hr ' ft ~2) 22,000 - 560,000 

400 - 28,000 
4.9 - 16.3 
1065-1550 

The physical properties of the salt were taken from 
accepted pub!'.„hed data.1 

Within the above ranges, the heat transfer coefficient 
was found to vary from 320 to 6900 Btu hr _ l ft"2 

° F _ I (Nusselt modulus of 7.0 to 149.8V Statistical 
analysis of the data resulted in the correlations 

^ _ r = 1 . 8 9 [ t f R e ( Z > / Z . ) ] ! / 3 , 0) 
with an average deviation of 6.6% for JVRe < ] 000 (D/L 
is the test section inside diameter to heated length 
ratio); 

NS_T = 0.107 (NKe

2/3 - 135) , (2) 

with an average deviation of 4.1% for 3500 < AfRe < 
12,000; and 

Ns_ T = 0.0234 W R e

c - 8 , (3) 

1. S. Cantor, Physical Properties ofMolten-Salt Reactor Fuel, 
Coolant, end Flush Salts, ORNL TM-2316 (August 1968). 
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with an average deviation of 6.2% for JV R e > 12,000. In 
the range SOOO < JVR e < 30,000 the dau average 13% 
below the correlations of Hausen2 and Sieder-Tate3 

depicted ii« Fig. 4.i. For AfR e < 1000, the data average 
1.6% above the correlations of Sieder-T?.ie for lam'nsr 
flow.4 

4.2 THERMAL CONDUCTIVITY 

J. W. Cocke 

A detailed analysis wis made of the uncertainties 
affecting the measurement of thermal conductivity 
using the absolute, variable-gap apparatus.5 The result 
of mis analysis is shown in rig. 4.2. The estimated 
maximum and standard error limits in the conductivity 
measurements are plotted as a function of the specimen 
conductivity. The effects of radiation and, hence, of the 
specimen temperature level (40 to 950°C) and specimen 
transparency (absorption coefficient 0 to °°) do not 

2. H. Hausen, "DarsteBung des Warmeuberganges in Ronren 
dutch veraQtjemeinerte Potenzbeziehangen," Z. VDt, BeOtefte 
Verfahremtechmk, No. 4,1943. 

3. W. H. McAdajm, Heat Transmission, 2d ed. p. 168, 
McGraw-Hill, New York, 1942. 

4. Ibid., p. 190. 
5. J. W. Cooke, Development of the Variable-Gap Technique 

for Measuring the Themal Conductmty of Fluoride Salt 
Mixtures, ORNL-4830 (in publication). 

contribute greatly to the error and are shov:i by the 
areas included witlun the narrow bands »n Fig. 4.2. It is 
apparent from the Figure that the error is sensitive to 
the niagnitudc of the specimen condv :ivitv except at 
larger values of the conductivity. Much of the Licrease 
in error at »ow values of conductivity results from za 
increased uncertainty in the measurement of the change 
in the specimen thickness. The larger temperature 
gradients caused by the lower specimen conductivities 
increased the uncertainty in the themul expansion 
corrections to the specimen thickness. 

Figure 4.2 also shows the deviation of the calibration 
measurements [H ,0 ? Hg, Ar? He, and ffTS (KNG3 

NaN0 2 -NaN0 3 ; 44-49-7 mole %)] from published 
values. Several points are outside the estimated error 
limits. Data for H 2 0 and Hg were obtained using 
Chromel-Alumel thermocouples. The enoi limits for 
these data should be considerably larger thaa shown in 
Fig. 4.2, which was based on the use of Pt vs Pt + 10% 
Rh thermocouples. Also, we believe the published value 
for the conductivity of HTS to be unreliable. Excluding 
these points, 93% of the data lies within the maximum 
error limits, and 68% lies within the standard error 
limits. 

Final analysis of the molten fluoride salt conductivity 
data (880 data points) is being made. From the above 
error analysis, the maximum error in the fluoride salt 
conductivity n&asuiements is expected to be less than 
±5%. 

ORNL-DWG 72-10542 

r%4Z. Estimated probable and maxinram error limit* in the conductmty taeaauiement as a function «.f specimen 
ccadsctiv'tles over a 330 to 44XTC temper* -we range with and without radiative heat transfer. Also shown as plotted points are the 
deviations of the experiment*! result* from published values. 

JfuL. 
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Part 2. Chemistry 
W. R. Grimes 

The research and development activities described 
below continue to deal with chemical problems posed 
in the design and ultimate operation of molten-salt 
reactor systems. 

Experimental study of specimens ai:d materials from 
the MSRE has bet... completed. The final report of 
ccmnkx fission product behavior in that system has 
been drafted and is undergoing final editing. 

Study of intergranular ittack by tellurium upon 
metallic components of the MSRE (conducted in close 
cooperation with MSRP metallurgists and reported in 
mora detail in Part 3 of this report) continues to engage 
a considerable fraction of ihe chemical effort. Many 
exposures of pertinent metals to tellurium (and to other 
potentially harmful fission products and contaminants) 
have been completed, and others are in progress. New 
techniques for a more readily controlled addition of 
tellurium to the specimens have been devised and will 
be put into service during the next reporting period. A 
systematic study, primarily by ira«s spectrometry, of 
the volatiLty, relative stability, and chemical reactions 
of pertinent metal tellurides is producing useful data. 
Spectrophotornetric methods for the study of tellurium 
species in molten fluorides have been developed for 
application to this problem area. 

The behavior of hydrogen isotopes in molten salts, 
riietals, and graphites is a continuing field foT major 
attention. Study of H? sohibility is virtually concluded 
with a few confirmatory studie* yet to be done. Study 
of permeation of metals by hydrogen isotope* seems to 
have demonstrated conclusively that the rate of permea

tion for "dean" metals depends on the square root of 
the hydrogen partial pressure. Careful measurements of 
permeation through metals with oxide films seem to be 
yielding encouraging information; such studies are now 
directed at lncoloy 300 and other metals of likely value 
in sicafti generator systems. Significant uptake of 
tritium by graphite at elevated temperatures has been 
confirmed, and this phenomenon is being studied to 
assess its value in tritium control and management 
processes. Fruoroberate chemistry - aimed largely at 
improved understanding of these coolant materials rjsd 
theii corrosion mechanisms - is still under sCudy at a 
modest funding level. 

Very little attention has been paid to protactinium 
chemistry during this reporting period, and, although a 
few confirmatory studies may prove uecessary, none is 
planned for the near future. 

The principal emphasis of analytical chemical devel
opment programs has been placed on methods for ose 
in semtautcmated operational ccdtrot of morten-tatt 
breeder reactors, for example, the Jcfdopmtnt of 
in line analytical methods for the w»*ysis of HSR fuels, 
for reprocessing stream, and for gas stieams. These 
methods include electrochemical and spectropfcoto-
metilc means for determination of the vomjealiatioB of 
U** and other ionic speaes in fuels and ceokats and 
adaptation of small on-line computers to electronsh/t* 
icai methods. Parallel efforts have been devoted to the 
development of analytical methods related to amy and 
control of the concentration of water, oxides, and 
tritium' uoroborate coolants. 
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5 Behavior of Hydrogen and Its Isotopes 
5 ! THESOLUBiUrYOFHYDROiEN 

IN MOLTEN SALT 

D. M. Richardson A. P. Malinauskas 

Measurements of the solv^'ities of hydrogen and 
deuterium in Li 2 BeF 4 are being performed in order to 
provide data to assess the importance of solubility on 
tritium transport in a molten-salt reactor. These experi
ments are being conducted using a tvo-chamber appa
ratus which tus been described previously.1 , 2 

In an earlier report* tne validity of Henry's law was 
demonstrated for hydrogen and helium in Li 2 BeF 4 at 
600°C over the pressure range 1 to 2 atm; that is, the 
solubility values were reportedly observed to increase 
linearly with increasing saturation pressure. Since then, 
measurements have been made at 600°C with deute
rium in order to ascertain whether the solubility 
phenomenon displays an isotope effect. Additionally, 
the experiments have been extended to inefcue <tudie$ 
at500aod70C°C. 

The result > ob*Tined to date are presented in Table 
5.1, wherem the OstwaJd coefficients Kc are listed as 
functions of temperature. Because of the applicability 
of Henry's taw, Kc, which is defined as the ratio of the 
gas concentration m sofcitios to its concentration in the 
gas phase, is independent of saturation pressure. Note 
also that the values are prefaranary and are subject to 
adjustment; howeve., there is presently no reason to 
behevc that t*>e final values will he outside the standard 
oeviatioasrtsted. 

1 i. E. Siiamm* KSL A. P. Miawamfrw JfSX 
Sei*KU tow Rep. Feb. 26. 1971. ORNL-46/6. pp. 
lii-17. 

2. A. P. Mih m i m, D. M. Rkmtstw, J. E. Sgrotamen. tid 
J. H. Shaffer, "Apparatus for *«• Dctenaiaatk» of the 
Sofc^fti; of Hvdtofev M Hotaea Salts." htd Emg. Cham 
MMMBPN. {accepted for put) lie if. oa). 

3. D. U. Ridttidjcm *ad A. P. Mafcatmtiy HSR P^tpmrn 
Progr. kep. Feb. 29.1972. ORNL47S2, p. 53. 

The helium solubility determinations are being made 
to provide a basss for comparison with the work of 
Watson et al.4 As is evident from the values presented 
in Table 5.1, the inexplicable discrepancy noted earlier3 

at 600CC persists at the other temperatures; our results 
are consistently lower than the results obtained earlier. 

The theoretical values which are listed for hydrogen 
were derived from a modified form of the Uhlig 
expression for gzs solubility which ignores a possible 
explicit depsnderee upon polarizabiiity.5 Comparison 
of the theoretical results with experin.?nt yields reason
ably good agreement. Also, ths d; i obtained ihi»s f«r 
give no substantive indication of a possible isotope 
effect for solubility: within the limits of mutual 
uncertainty, the solubilities of hydrogen and deuterium 
appear tc be ic* ideal. 

It is important, however, to point out that significant 
amounts of hydrogen (a* H 2 and HD) have been 
encountered in performing the deuterium solubility 
determinations, and the Ke values reported for deute
rium h?ve been evaluated under the assumption that al 
hydrogen isotopes 2ie indistinguishable ic solution. In 
othr»- words, we assume that it » not possible :o 
separate the isotopes on the basis of solubility. The 
results for Kc, of course, are not inconsistent with this 
^ssumntion. 

The unexpected behavior of hydrogen which has been 
observed does suggest the possibility of inhibiting 
trithun transport through heat-exchanger matercJs Ny 
pretreating these members with hydrogen; data which 
indicate this as a possible method are presented in Taote 
5 2. which is an abbreviated chronology of the compo
sitions of gas samples taken from the stripper chamber 

4. C. M. Wstsos. R. ft. Evans id, W. R. Grimes. »>d N. V. 
Smith, / Oiem. Eng. Data 7,285 (1962). 

5. I.E. SavobHw*. J. H Staffer, and A. P. MaBnawdras, HSR 
Propam Monthly Report September 1970, MSR 70-79 pp 
16-19. 

TafcfeS.l. TfceiolaaBtiMofay H mi *&m m Li }teF, 

10* Kc 

T 
(°K) 

Hydrocc* 
Experimental Theoretical 

Deuterium 
experimental 

Helium Hydrocc* 
Experimental Theoretical 

Deuterium 
experimental Expcrinrtfal Watson et al. 

773 
873 
973 

1.13*0.08 1.46 
3.17 t 0.0* 2.71 
3.87*0.37 4.51 

2.74 t 0.16 
4.17*0.42 

3.86 * 0.75 
6.0! ±0.11 
9.26 10.19 

1.75 

!'..<*2 
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of the apparatus during the course of :he various 
solubility experiments. The data are presented both in 
terms of volume percent of sample and as volume of 
component collected (reduced to standard conditions). 
The remaining components, which are not listed (i.e., 
the deviations from 100 vol %), are of known origin 
and are not believed to affect the observed behavior. 
Note also that HD is equally apportioned between H 2 

and D 2 in calculating the volumes of these two species. 
Run 41 gives an indication of the residual helium 

which persists through the hydrogen solubility determi
nations, the presence of this gas arises from its use as a 
crv?r g.is in ilie saiurator chamber between hydrogen 
experiment. Ru»» 4 2 , on the other hand, is a helium 
sclubikty experiment; in this case the residua) hydrogen 
moit probably arises from gas dissolved in the metai 
apparatus. AH of the runs between 42 and 48 were 
conducted with helium, m d s comparison of the 
volumes of hydrogen in these two cases is typical of the 
gradual reduction in hydrogen content which was 
observed to occur. Runs 5 ! to 58 again employed 
hydrogen. 

Deuterium was first introduced into the system in run 
59, during which time a rather large volume of 
"residual"' hydrogen, as H 2 and HD. was noted. 
Contrary to previous behavior during *hc helium runs, 

TabfeSJL Chronological listing of sample acayses 

Run 41 42 48 5! 58 59 

Percent gas 

H 2 8020" 3.94 2.72 43 .85 J 6?."6 f l 10.20 
HD 15.76 
D : 48.18* 
He 0.18 84.6€° 88.00= 3.44 0.25 

Standard cubic centimeters of gas 
H 2 1.353 0.093 0.057 0.235 0.565 0.152 
D 2 0.471 
He 0.003 2.007 1.835 0.0 i 8 0.002 

Run 68 69 7! 72 76 7? 

Percent gas 

H 2 5.33 2.99 6.38 78.7." 82.09° 13.19 
HD 13.85 0.34 14.58 1.17 0.49 30.45 
D 2 60.67* 0.61 59.18" 0.03 0.01 41.66" 
He 0.53 82.61° 1.06 0.45 0.20 0.24 

Standard cubic centimeters of gas 
H 2 0.136 0.057 0.152 0.837 1.011 0.343 
D 2 0.750 0.014 0.74O 0.006 0.006 0.712 
He 0.006 1.503 0.012 0.005 0.002 0.0O3 

"Major component. 

the high values for hydrog?n persisted throughout the 
deuterium experiments, tiK 'ast c f which is designated 
as run 6 8 . Surprisingly, the hydrogen (and deuterium) 
content drepped markedly in run 6**. a helium solu
bility determination, but returned to its previous value 
in run 7 1 , which utilized deute?ium. 

Throughout runs 59—71, the apparatus was exposed 
only to helium and deuterium, and so we decided to 
perform s me experiments with hydrogen to determine 
whether an enhancement in residual deuterium would 
be observed. As indicated by runs 72 and 7 6 the 
deuterium concentration was not significant, but . as run 
77 demonstrates, the reverse effect remains. The deute
rium employed in these investigations contains about 1 
vol % hydrogen, but tliis is a minor contribution to tne 
amounts of hydrogen encountered. 

A plausible argument for this unexpected behavior is 
that the metal saturator chamber dissolved significant 
amounts o f hydrogen during purification o f the s«It b y 
sparging with hydrogen and during the course o f the 
subsequent hydrogen solubility determinations. S o m e 
of this dissolved gas is released during the hel ium 
experiments, and this accounts for the higher quantities 
of residual hydrogen in the helium runs as opposed t o 
the amounts o f helium found in tne hydrogen measure
ments Deuterium, on the other hand, enhances the 
release o f dissolved hydrogen, but in the process is it*»'f 
prevented from dissolving in *he metal. Consequently, 
effectively n o residual deuterium is observed in the 
hydrogen experiments. 

We wish to emphasize that this description is con
jectural; nonetheless, w e believe the observations merit 
further investigation o f the phenomenon. 

5.2 HYDROGEN PERMEATION 
THROUGH Mf-TALS 

H. C. Savage K. A Strehlow 

Ou* experimental program* continues t o examine 
two important questions cori;*eming permeation o f 
metals by tritium. These question* are (1) whether the 
theoretical ('/ 2 power) dependence of permeation o n 
pressure is followed to the very low tritium pressures o f 
reactor interest and ( 2 ) the extent t o which the ox ide 
film anticipated on t h e steam side o f the s team 
generator tubing will serve as an effective barrier t o 
tritium permeation. The work reported here concerning 
the fii t question shows that permeation of nickel varier, 

6. R. A. Strehlow and H. C. Savage,MSP Program S.niannu. 
Prop. Rep. Feb. 29, 1972, ORNi 4782, pp. 5<-55 . 
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as the square root of the pressure over the pressure 
range from 750 to 8 X 10"4 torr. Work on the second 
question suggests that oxide films on some metals can 
reduce permeation by hydrogen isotopes by substantial, 
and practically useful, factors. 

The square-root relation between pressure and per
meation flow raie is experted because hyfirogen gas and 
its isotopes dissolve in meta's with dissociation of the 
molecule into two atoms. As a consequence, solubility 
»»f hydrogen in the metal is proportional to the square 
ro3t of pressure (Sieverts's law). Since diffusive flow of 
hydrogen through the metal is proportional to the 
concentration of hydrogen in the metal (Fick's law), 
the permeation of hydrogen gas is dependent on the 
square root of the driving pressure. These relations are 
summarized in the expression 

where JH is the flux of hydrogen permeating a metal 
of thickness AX cm, the diffusivity of hydrogen is D 
cm 2 sec'1, and the Sieverts's law constant for hydrogen 
is Ks [cm 3 (STP)]/cm 3 -atm , / 2 . [The d'iving pressure is 
shown as A ( p 1 / 2 ) a t m 1 / 2 to allow ior the "down
stream" pressure.] 

This square-root dependence has a sound theoretical 
basis, but the literature contains many reports that at 
pressures below about 30 to 100 ton the dependence 
changes from the square-root relation to the first-power 
(direct proportionality) relation. The extrapolation to 
be used over the five or six ordf rs of magnitude in 
pressure to the range for the molten-salt reactor was 
clearly of great concern. An apparatus was constructed 
to measure this pressure dependence to very low 
pressures using a mass spectrometer method and deu
terium gas.* The results for nickel are shown in Fig. 
5.1. The square-root dependence is quite good to 
pressures well under I0~ 3 torr. 

Nickel was used because the oxidation potential 
expressed as PH Q/P^ is aboui 100 at temperatures of 
interest, and oxidation by impurity water or aii leaks 
would not be expected to form any impedance to flow. 
Stainless steel and indeed chrc nium a'loys generally 
have an oxidation potential near I0~ s to form C r 2 0 3 

(chromium sesquioxide) from chroi.iium metal. This 
should permit the development of an oxide in which 
the hydrogen solubility and clffusivity are low. Such an 
oxide, if free of cracks and pores, is expected to serve as 
a barrier to hydrogen permeation. 

It is well known that oxide coatings yield a marked 
reduction in the permeability of many mdals to 

hydrogen. No oxide films are possible on the metal 
surfaces exposed in an MS8R '.o molten fluorides at 
high temperatures; hovever, an oxide film will be 
present, and ptrh&ps one *iih low permeability can be 
produced aiA maintained, on the steam side of the 
MSBR stean generator. Studies have accordingly been 
carried out to study Jiydrogen permeability ot such 
films.7 

One model leadiij; to a decrea.* of permeation rate 
upon oxidation of a metal would be to view the oxide 
as J fft ring a resistance to flow in series with that of the 
nxt-»l. If this were so, the pressure dependence of 
permeation rate would be expected to vary from a 
one-half power dependence at high pressures to a 
first-power dependence at low pressures. An 18-8 
stainless steel *2z studied as a metal which was 
expected to form a protective oxide coating. Hydrogen 
permeation data for the clean metal showed a one-ha'f 
power pressure dependence. After a light coating of 
oxide was permitted to form, the permeation rate 
decreased by a factor of 8. The pressure dependence, 
however, was not substantially changed from the 
half-power relationship. This indicated that the oxide 
coating was not continuous and that detects in the 
oxide permitted ready access of the hydrogen to the 
metal. 

A model was derived for the ol-served behavior based 
upon -he motion that the oxide defect' (holes or cracks) 
permit ;>ermeation flow to occur ir>ete!y v/ith a con
striction resistance in addition to t'»e bulk resistance of 
*.\\z metal. The relations obtained ;n terms of defects in 
the oxide film are b,»ied on ihe derivations from 
potential theory as applied to the analogous phenom
enon of electric J cocvact resistance. This is indicated in 
Fig. 5.2, which snows the resistance due io tiic 
"necking down" of the permeation flow lines. An 
example of a relation obtained from this model for 
holes at average separation 2/ and average radius a is as 
follows: 

IT=DlAKs(-^)-MP^)^^^, (2) 
T T * \AX + l2/aJ T l sec 

where /_ is the permeation flow rate through a 
specimen, DT is the diffusivity of tritium in the metal, 
A is the area, Ks is 'he solubility constant (Sievcrts's 
constant) of tritium it. the metal, AX is the specimen 
thickness, / is the average half separation of holes of 

7 . R. A. Strehlow, Reactor Chem Div. Annu. Profr. Rep. 
May 31,1971, ORNL-4717, p. 54. 

r ' < ~ 
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Fig. 5.1. D 2 permeation through nicke! f s square root of pressure. 

O4NV.-0W6 7 » - 3 » 4 4 

FLOW _IN£S 

TYPICAL 
'EQC'POTF.NTIAUS 

k AVERAGE DISTANCE = 2 i — » 

AVERAGE RADIUS = « 

Fig. 5.2. Schematic representation of flow of hydrogen into i 
metal through constrictions at the surface. 

average radius a, and PT is the pressure of tritium. 
, .iiough the model has not yet been tested, it appears 
to fit the salient features of the phenomena associated 
with cxide rtructure aud mth the permeation process. 
This relation and a similar one based on the presence of 
cracks indicate that the continuity of the oxide and its 
freedom from cracks and holes is of crucial importance 
in decreasing permeation through the metal. In Eq. (2) 
it can be seen that the separation of holes / must be 
quite large relative to their radii to achieve values of 
I7-ja as large as 100 to 1000 times the metal thickness 
A*. 

Continued study of 18-8 stainless steels and riastello> 
N after oxidation in the permeation apparatus yielded 
generally disappointing results. Measured decreases in 
permeation for several materials approached factc.s of 
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only 10 to 12, and the observed pressure depende xe 
for the permeation was not greatly different from the 
one-half power relationship. Part of the problem is 
undoubtedly due to the ease with which the iron and 
the manganese-ohromiiiiTi spinels can be reduced and 
reformed a, the redox potential of the fas mixture is 
changed during measurement of permeation a: various 
parti?! pressures of deuterium. In addition, it is likely 
that the permeability of deuterium varies with the 
character of the particular metal oxide in the film. 

To study the effect of one "best chance" oxide, a 
nicke' trbe was electropla.ud with * 1-r.il coating of 
chromium, and the surface of this tilm was cxidized 
wit:tin the permeation apparatus to C r 2 0 3 . Oxidation 
at 650°C showed only a relatively small decrease in 
pern«eabilit> from that exptued for nickel. Since 
Flint8 had shown that aiori effective films couki 
develop on steel under oxidation at higher tempera
tures, the chromium plate v.as o/idized at about 900°C. 
The subsequent measurements of permeability were 
encouraging; a marked reduction in permeation (to 
about 1% of the preoxidation value at I torr and 
650°C) was observed, and the pressure dependence was 
found to be near first power. Much, but not all, of the 
decreise remained after a thermal cycle to room 
temperature and back to 625CC. Implementation of the 
technique used in this experin%ni might noi be possible 
for * reactor system. However, we new believe that 
substantia! improvement in tritium management is 
possible with the aid of proper oxide films. 

Ir deed, as this report goes to press, we have prelim
inary evidence that the film that formed reauu; in the 
permeability apparatus by oxidation of Fncoloy 800 
shows a markedly reduced permeability and a pressure 
dependence near firsr power. Studies of the problem at 
present are concentrating on this interesting heat-
exchanger material. 

S3 THE CHEMISORPTION OF 
TRITIUM ON GRAPHITE 

R. A. Strehlow H. E. Robertson 

Tiie picacuu: uf significant amounts of tritium on the 
graphite from the MSRE9 has prompted a study of the 
chemisorption of tritium on graphites. The MSRE 

graphite data suggested that the bonding of the triiiun. 
was tenacious even at the high temperatures of tne 
reactor and that the kinetics of sorption were fast in 
comparison with the fuel salt circulation time. 

An apparatus has been constructed and operated to 
permit exposure of graphite at elevated temperatures to 
a gaseous mixture of tritium in helium. The tritium 
concentration used is controlled to be in the range of 1 
to 10 ppm by volume (partial pressures around !0~ 3 

ton). Preliminary data have been obtained on three 
types of graphite: CGB (MSRE-type), Poco, and an 
ORNL-made lampblack graphite. After the usual ex
posure conditions of 4 hr at 750°C the graphite pieces 
are sampled by removing successive 0 006-in.-thick 
samples whicl .ere subjected to anarysk: for tritium. 
The tritium contents of the samples were substantially 
the same as the findings for the MSRE graphite 
examination with values of several times 109 dis min"' 
g - 1 for the outermost 0.006-in. cut, decreasing to 
values below 10* for interior samples. Values of 6 to 8 
X 10 1 0 dis min"1 g" 1 have been found for some 
samples of high surface area. 

The amount of iritium ^orbed on the ORNL graphite 
after a pretreatment to increase its surface area to 2 
m 2/g corresponded to 5 X 10 1 3 tritium atoms per 
square centimeter. Interior samples from these speci
mens also contained tritium levels neat this magnitude. 
Seveul percent of the surface carbon atoms appeared to 
have bonded the tritium atoms. That the tritium is 
chemically bonded rather than being merely adsorbed 
trace amounts of tritium oxide from an unknown 
soc r.e is indicated by the fact that water and alcohol 
rinsing of the specimens removes less than \% of the 
tritium. 

Several questions remain as to whether this phe
nomenon of chemisorption. if real, can be used to 
effect a separation of tritium from a molter.-*a!t 
reactoi. Notable among these questions is the appar-
ntly vuggish kinetics of the reaction. There does not 

vet appear to be a fundamental b<»; to the development 
of a process based on the observed phenomena. 

B. P. S. r , ' « \ Diffusion of Hydrogen thtjugh Construction 
Materials, KAPL-659 (Dec. 14, 1951). 

9. MSR Program Semiannu. Progr. Rep. Aug. SI, 1971, 
ORNL4728,p.5l. 

http://-r.il
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6. Fluoroborate Chemistry 
6.1 SOLUBILITY OF BF 3 IN 

MOLTEN UF-BeF 2-ThF 4 

S. Cantor 

As stated previously1 the purpose of this study is to 
determine changes in fluoride ion activities in melts 
composed of LiF, BeF 2 , and ThF 4 . The working 
hypothesis in this investigation is that available or 
"free" fluoride ions combine with dissolved BF 3 to 
form tetrafiuoroborate ions: 

F"(in the melt) + BF3(dissolved) 

BF4~(in the melt). 

The results thus far reported' ' 2 suggest that the above 
equilibrium is shifted almost completely to the right. 
Farther, in LiF BeF 2 melts, the free fluoride concentra
tion can be identified w'th the thermodynamic activity 
of LiF. 

Solubility measurements have now been carried out in 
ternary solvents. The four compositions studied and the 
BF 3 solubilities expressed in terms of Henry's law aru 
listed in Table 6.1; slso tabulated are the results of 
lTieasv- ments in a binary (LiF-BeF 2) solvent. 

The resulvs are quJitatively consistent with observa-
>ns in the LiF-B*F2 system, namely, the greater the 

LiF concentration (and activity) the greater the Henry's 
law constant. To calculate activities of LiF in the 
ternary solvents containing 85, 80, and 76 mole % LiF, 
liquidus temperatures were determined by the conven
tional thermal-halt me;hod. In these ihree solvents, the 
activities of LiF are approximately proportional to the 
values of KH, Henry's law constant. Il should be noted. 

however, that a similar proportionality between the 
systems LiF-BeF2 and UF-BeF 2-ThF 4 does not seem 
to be the case. For instance, the activity of LiF in 
79.7-20.3 mole % LiF-BeF2 is approximately 1.2 times 
that in 80-10-10 mole % LiF-BeF 2-ThF 4; the ratio of 
KH for these two melts, which would be expected to be 
1.2, is 2.3. The significance of this discrepancy is 
presently bc'ng explored. 

6.2 SOLUBILITY OF BF 3 IN MSBR PRIMARY 
SALT CONTAINING 8 MOLE % NrF: 
SOME SAFETY CONSIDERATIONS 

S. Cantor 

The object of these measurements is to aid in 
assessing the consequences of a Iirge inieakage of 
fluoroborate coolant into the primary system of an 
NiSBR. \n the preceding semiannual report,2 equations 
were presented with which to calculate F>F3 partial 
pressures following a leak of coolant into the fuel salt. 
For a "small" leak, in which 1 ft 3 of coolant mixes 
with 1720 ft 3 [primary salt volume in a 100O-MW(e) 
MSBR] of fuel salt at 1250°F, assuming only a 1% void 
volume, we obtain an estimated BF 3 pressure of 0.17 
atm. The BF 3 pressure would actually be less than this 
because of the large expansion volume of the off-gas 
system associated with the primary salt system. 

1. S. Cantor and R. M. Waller, MSR Program Sendatmu. 
Progr. Rep. Aug. 31,1971, ORNL-4728, p. 78. 

2. S. Cantor and R. M. Waller, MSR Program Senuanuu 
F.'Ogr. Rep. Feb. 29, 1977, ORNL-4782 pp. 63-65. 

Table 6.1. Solubility of BF 3 in molten fluoride solvents 

Solvent 
(mole % 

LiF-BeFvThF4) 

85-7.5-7.5 
80-10-10 
79.7-20.3 

(Iil-Bcl 2 ) 
76-12-12 
72-1VI2 

Temperature 
range measured 

CD 

744-990 
700-967 
718-957 

647-907 
530-795 

Liquidus 
temperature 

CO 

740 
660 
700 f 

601 

Henry's law constant vs temperature equation;" 
K\\ in mole fraction CF3/atir; 

temperature in °K 

ATH = exp (- 13.297) exp (7065/7) 
= exp (-14.457) exp (7470/7") 
= exp (- 13.937) exp (7800/T) 

= exp ( !.;.C8:) exp (7870/7") 
= exp (-14.950) exp (7667/7") 

10 3 

*H 
700°C 800°C 

2.39 6 1.21 
1.13 0.555 
2.68 1.27 

0.915 0.431 
0.849 0.407 

"Least-squares fit of the data. 
^Extrapolated. 
CK. \. »<ombe.-gcr, J. Braunstein. and R. K. Thoma, /. Phys. Chem. 76, 1154 (1972). 
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Provided that the leak is not truly massive,3 when 
coolant leaks into MSBR fuel salt the NaBF4 frac:ion 
of the coolant decomposes into NaF and BF 3 . This 
NaF, Jong mitii the 8 mote % NaF of the coolant, will 
dissolve in the fuel salt, while the 3F 3 will be 
distributed between me salt phase and the available 
vapor space. Thus, by measuring the BF 3 pressure in 
equilibrium with MSBR fuci s.-»lt containing NaF, one 
can estimate the partial pressu.r of BF 3 thar would be 
obtained following accidental nuxing of coolant and 
fuel salts. In a melt consisting of 8 mole % NaF ard 92 
mole % fuel solvent (72-16-12 mole % LiF-BeF2 -Ti:F4 ), 
solubilities were measured between 615 and 755°C by 
the volumetric method previously described;2 BF 3 

saturating pressures did not exceed 2 atm and Henry's 
law was obeyed. The data are represented by the 
equation 

9203 KH =cxp (-153673) exp , (1) 
7T°K) 

where AfH is the Henry's law constant in the units of 
mote fraction BF 3 dissolved per atmosphere of BFi 
pressure. At 1250°F (677*C) the solubility of BF 3 in 8 
moie % NaF-92 mole % fuel solvent is three times that 
in the fuel solvent alone. 

The concentration of NaF in these measurements is 
equivalent co mixing 416 ft3 of fluoroborate coolant 
with the 1720 ft3 of fuel salt. Thf likelihood of such 
massive mixing of coolant and fuel must be considered 
extremely remote. There are now design provisions for 
draining the shell of a primary heat exchanger.4 so that 
even in the event of a double-ended tubing rupture, 
only a small fraction of the contents of a shell (who^e 
volume is about 500 ft 3) need leak into the primary salt 
circuit. 

Nonetheless, an exrloraury experiment has been 
performed by Richardson and Shaffer5 in which BF 3 

pressures were measured ove. a mixture of fuel salt and 
fluoroborate in the ippfr.x''ma*c volume rsao of 3 i . 
Their experiment was roughly equivalent to mixing 1.2 
times the volume of coolant in the shell of one heat 
exchanger with the entire salt volume in the primary 

3. At a coolant-to-fucl-salt volume ratio greater than unity, u 
is known fC. E. Bamberger et t\.,MSP Program Semiannu. 
Prop Rep. Feb. 29, 1968, ORNI>*254, pp. 171-73) that 
there will be substantial liquii-Jiqu'd immiscftility, which 
would linn* die BF 3 pressure upon mixing coolant and fuel. 

4. E. S. Be»tis, personal commur ication. 
5. D. M. Rchaidson and J. K Shaffer, MSR Proper* 

Semiannu. Progr. Rep. Feb. 28, 1970, ORNL-4528, pp. 
136-38. 

system of a lOOO-MW(e) MSBR Assuming that the 
Henry's law constant for the melt (containing about 10 
mole % NaF) in the Richardson-Shaffer experi-^ent is 
25% greater than tnat given in Eq. (1) and applying this 
to the appropriate equations.2 we calculate a BF 3 

pressure at 647°C of 201 psia; at this temperature, 
Richardson observed that the pressure was no less than 
148.5 psia. Considering *he approximations and as
sumptions (one being that Henry's law hoids at s 
pressure of about 13 atm and with a BF 3 concentration 
of about 6 mole %), agreement between calculated and 
observed picssures is reasonably good. 

6 J CORROSION OF HASTELLOY N 
BY FLUOROBORATE MELTS 

C. E. Bamberger C. F. Baes, Jr. 

Previous measurements of the free energies of forma
tion of NaNiF3 and NaFeF 3

6 had allowed us to 
estimate the effect of redox potential on the oxidation 
of Ni and Fe in Hastelloy N by fluoroborate me its. 
Those estimates were based on measurements of the 
equilibrium 

NaMF3(c) * NaF(d) + MF 2(c), Kx = a N a F (1) 

where M is either Ni(II) or Fe(!I), in molten fluoro
borate. The activities of NaF were estimated by 
measuring the BF 3 pressures generated by the equilib
rium 

NaBF4(d) ^ NiF(d) + BF3(g), (2) 

K -P - f i L ' I -
flNaBF4 

which has been measured by Cantor:7 

log ̂ 2 = [5.772 -6.513 (10*IT)] ±0.04. 

After termination of the reported experiments, 2 to 5 
mm Hg of a mixture of mainly C0 2 and SiF4 remained 
it room temperature, which raised questions regarding 
the purity of BF 3 at the temperature range of the 
mc isureroents (420-600°C). Consequently, measure-

6. C. E. Bamberger, B. F. Hitch, and C. F. Bae;, Jr., MSR 
Program Se.raannu. Progr. Rep. Feb. 29, 1972. ORNL-478i, 
pp. 65-68. 

7. S. Cantci (ed.), Physical Properties of Molten Suit Reactor 
Fuel, Coolant, and Flush Salts. ORNL-TM-2316, p. 34 (August 
(968). 
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meats of equilibrium (1) were repeated8 using a 
modified system that permitted sampling of the gas 
phase at temperature for analyses by mass spec
trometry.9 The concentration of 6F 3 was used to 
correct the measured pressures; only data where BF3 > 
92% were used. When Uxe BF3 concentration was below 
that limit, the system was purified by repeated evacua
tions at 25 tc 200°C. The values of PB?3 measured m 
millimeter:; of mercury in both equilibria (NiF2-NaNiF3 

and FeF2-NaFeF3) were corrected to millimeters of 
mercury at 0°C and standard acceleration of gravity, 
and were fitted simultaneously by ieast squares to an 
expression 

*'•-** (£-i) (3) 

by assuming, that log AT< varits linearly v.ith tempera
ture, that is, log Kx = a + b(\03IT), and ihat the 
entropies of formation of NaNiF3 and NaFeF3 

[reaction (1)] are the same. Again, assuming that 
NaF-NaBF4 mixtures have an ideal entropy of mixing, 
from Cantor's results1 ° we estimate 

(1139\ - ^ ± 0 . 0 4 . 

The results obtained are 

log K. 1N0 = [0.31 - i .91{ I0 3 fT)\ ± 0.04, (4a) 

logA-,(F v - [0.31 - 1.68(103/r)] ±0.04 (4b) 

and 

AG [reaction(I),Ni] 

= [8.72 - 1.42(77103)] ± 0.2, (5a) 

liG [reaction (l),Fe] 

= [7.68 - 1.42(77103)] ± 0.2. (Sb) 

The agreement between measured and least-squares 
calculated values of PBFi is shown in Fig. 6.1. By 

8. We acknowledge with pleasure the assistance of Eugene 
McKissack, Pre-Coop. student Tom Tennessee State University. 

9. We are thankful to O. Howard and his group at ORGDP 
for performing the analyses. 

10. S. Cantor, R. E. Roberts, and H. F. McDuffî , Reactor 
Chem. Div. Annu. Progr. Rep. Dec. 31, 1967, ORNL-4229, p. 
55. 
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Fig. 6.1. BF3 pressure generated by NaF-NaBF4 melts satu
rated with NiF2-N*NiF3 and FeF2 JliFeF3. The Knes were 
calculated by a least-squares Tit of the data according to Eq. (3). 

combining (5a) and (5i>) with free energies of formation 
of NiF2(c) and FeF2(c), respectively, known from 
Blood's measurements1' and with AGf of liquid NaF.1 s 

we obtain 

AG? [NaNiF3(c)J 

= [-295.44+ S S ^ r / l O 3 ) ] ± 1.4, (6a) 

AG-' [NaFeF3(c)] 

= [-306.69 + 53.82(77103)] ± 1.4. (6b) 

Combining (4a) and (4b), respectively, with the values 
cf equilibrium constants for the reduction of NiF2(c) 
and FeF2(c) by hydrogen, based on measurements by 
Blood,1' we obtain the values of the equilibrium 

11. I. M. Blood, Solubility a.td Stability of Structural Metal 
Diftuoridet in Molten Fluoride Mixtures, ORNL-CF-61-5-4 
(Septerr.'oer 19S1). 

12. JANAF rhermochemical Tables, id ed., VS. Dept. of 
Commerce, NSRDS-NBS-37 (June 1971). 
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ORNL-OWG 72-5«*5!> constants of the reaction 

2HF(g) + M(HasteUoyN) 

+ NaF(d)^NaMF 3(c)+H,(g), (7) 

logK7(Ni) = 1-8-98 + 7.58 (10 3 /DJ ± 0.06, (7a) 

log tf7(Fe) = [_7.96 + 10.04 (103IT)) ± O.OS. (76) 

Assuming that the activities of nickel and iron in 
Hastelloy N are ~0.70 and ~0.05, respectively, that the 
activity ot NaF in the coolant salt is ~0.08 (for the 
eu tactic composition), and thati*^ = 1 atm, from (7a) 
and (76) we may calculate the partial pressures of HF at 
which nickel and iron will be oxidized to NaNiF3 and 
NaFeF3, respectively, in NaBF4-NaF eutectic: 

log/WO*) = 5 1 2 ~ 3.79 (103/7% 

logAiF( F e ) = 5 J 8 ~ 5.02(i03/r). 

(8a) 

m 

1.15 120 125 130 1.35 
, 0 0 0 / r m 

1.40 1.45 

A graphical representation of (8a) and (86) is shown in 
Fig. C.2. 

Although the above new results are not significantly 
different from those reported previously, they are more 
accurate. 

F%. 62. Cakaltted HF paride premies for the eqoitbrtum 
(7) (M NaBF4-NaF eatectk). 
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7. Behavior of Simulated Fission Products 

7.1 EFFECTS OF SELECTED FISSION 
PRODUCTS ON METALS 

J. H. Shaffer W. P. Teichert W. R. Grimes 

A joint program of the Reactor Chemistry anu the 
Metals *nd Ceramics Divisions has beer, directed toward 
identification of those fission products that are capable 
of producing superficial grain boundary cracks in 
Hastelloy N and investigation cf other alloys of interest 
to the Molten-Salt Reacî r Program that might be more 
i costive iO this corrosive process. As previously re
plied, 1 corrosive effects on Hastelloy N, not unlike 
those found in the MSRE fuel system, have been 
produced on metal tensi'e specimens exposed to rela
tively low concentrations of tellurium vapors at 650°C 
for 1000 hr. Similar tests with selenium, sulfur (in
cluded for comparative purposes), iodine, cadmium, 
arsenic, and antimony failtd to show any detectable 
attack on the alloy. These findings are based on 
metallographic examinations of the exposed tensile 
specimens following their stress to failure at room 
temperature. Although tests with all these solute 
elements have been continued to investigate long-term 
effects, the interim program has been directed toward a 
more complete evaluation of the implied contribution 
by tellurium to the corrosion process. 

The experimental method has consisted of a vapor 
deposition technique by which the metallurgical tensile 
specimens were exposed to tared quantities of tellurium 
metal in evacuated quartz ampuls. Prior to the addition 
of tellurium, the quartz tubes, with specimens inserted, 
were evacuated of gases while heating to about 600°C 
for removal of absorbed water. The deposition of 
tellurium on the specimens was accomplished by vapor 
transport while heating the ampuls to selected experi
mental temperatures of 550 to 700°C at controlled 
rates. Tellurium additions to the quartz ampuls were 
based on its assumed uniform dispersion on the metal 
surfaces and diffusion to a depth of 5 mils into the 
surface layer. Tellurium concentrations of 100, 300, 
1000, and 10,000 ppm by weight in the surface layer, 
which corresponded to initial surface populations of 
about 5.3 X 10' 6 , 1.6 X 1 0 ' \ and 5.3 X I 0 1 8 atoms 
Te per square centimeter, respectively, have been used 

1. MSR Program Semianmt. Progr. Rep. Feb. 28, 1972, 
ORNL-4782. 

for the various tests in the program. The lower 
concentration of 100 ppm approximates concentrations 
of telluriurr found on metal surfaces of the MSRE fuel 
system, ani the highest concentration has been cal
culated to represent the expected tellurium exposure of 
an MSBR fuel system during its proposed 30-year life. 
Although these tests have been conducted at applicable 
temperatures and tellurium concentrations, time at 
temperature and tellurium deposition rates have not 
corresponded to reactor operating conditions. Con
sequently, the program has been directed toward 
comparative analyses of the effects by .ellurium be
tween Hastelloy N and other alloys that might be oi 
interest to the MSRP. The selectivity of this potential 
corrosion process v/as established by tests th*t showed 
severe cracking of Hastelloy N under experimental 
conditions that failed to produce recognizable attack on 
type 304L stainless ;teel and that produced only very 
mild attack on pure nickel. 

Experimental conditions that would yield analytically 
significant results for this comparative evaluation study 
were based on a study of the time at temperature 
dependence of the corrosion process on Hastelloy N. 
Specimens exposed to 10,000 ppm of tellurium at 
700°C were examined at several time intervals from 20 
to 1000 hr. The results showed that recognizable grain 
boundary cracking occurred within the first 20-hr 
period but that the severity of the attack increased at 
less than a linear rate dependence on time at tempera
ture. Specimens withdrawn after 1000 hr under these 
test conditions showed effects very similar to those 
found on Hastelloy N samples taken from the MSRE 
during postoperational examinations of components 
from the fuel circuit. 

Comparative evaluations of metals exposed to 10,000 
ppm of tellurium for 100 hr at 700°C have been 
obtained from eight experiments. Some 71 specimens 
which represent 14 different alloys or metals and about 
24 modifications of Hastelloy N were tested. In 
addition to the analytical procedure described, repre
sentative samples were also provided for examinations 
by Auger spectroscopic and x-ray-diffraction tech
niques. Significant metallurgi ;al findings from analyses 
cf this specimen group are reported by H. E. McCoy ia 
Chap. 10 of this report. The icailts showed generally 
that the severity of cracking was greatly reduced in 
alloys that were rich in chromium but that minor 
composition changes of Hastelloy N yielded no signifi
cant improvement in resistance to cracking. 
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Because of the severity of these analytical tests and 
the qualitative nature of the results, additional tests are 
being conducted with a reduced tellurium concentra
tion of 1000 pp:n for 100-hr exposures at 700°C. 
P.-cI;;n*r»ary results obtained thus far from these tests 
ir.dicate that the rate of tellurium deposition may be an 
important factor in the corrosive process. A National 
'ong-term experiments will provide some control over 
this experimental variable by using thermal transpira
tion techniques. 

7.2 STABILITY AND VOLATILITY 
OF METAL TELLURIDES 

C. F. Weaver J. D. Redman 

Examination2 *3 of Kastelloy N specimens from com
ponents :f the Molten-Salt Reactor Experiment has 
shown grain boundary cracks on metal surfaces that 
were exposed to the fuel salt mixture during operation. 
Recent stidier. 4 , 5 have suggested that tellurium may 
play an important part in the grain boundary corrosion 
of Havtelloy N and, perhaps, of other alloys.6 Con
sequently, the reactions, stability, and volatility of 
tellurium fluorides7,9 and of structural metal tel-
hirides* are being investigated by mass spectroscopy, 
x-ray analysis,9 and synthesis. 

Two of the three known tellurium fluorides'0 were 
produced by the fluorination of Tc, NiTe 2, and Ni 3 Te 2 

with CcF 3 . The results of the reaction of CoF 3 with Te 
as well as ihe mass spectrometry cracking patterns of 
TeF 5 , TeF 4 , CoF 3 , and tellurium wsre described 
easier. 7* 8 The analogous reactions with NiTe 2 and 
Ni 3 Te 2 have been observed to proceed in a similar 

1 B. McNabb and H. E. McCoy, MSA ttogr :m Senuannu. 
Progr. Rep. Feb. 28,1971, ORNL-4676, pp. 147-66. 

3. B. McNabb and H. E. McCoy, MSR Program Semianrm. 
Progr. Rep. Aug. 31,1971, ORNL-4728, pp. 89-106. 

4. R E. McCoy et aL, MSR Prc&am Semknrm. Progr. Rep. 
Feb. 29,1972, ORNL-4782, p. 109. 

5. J. H. Shaffer et at, Reactor Chem. Div. Annu. Progr. Rep. 
May 31,1972, ORNL-4801, pp. 31-33. 

6. P. Murny, Reactor TeJinol. 15(1), 23 0972). 
7. C. F. Weaver and J. D. Redn.in, MSR Program Semknnu. 

Progr. Rep. Feb. 29,1972, GRhiL-4872, p. 91. 
8. C. F. Weaver and J. D. Redman, Reactor Chem. Div. Arum. 

Progr. Rep. May 31,1972, ORNL-4801, pp. 33-34. 
9. The x-ray analysis was provided by R. M. Steele in the 

Metals and Ceramics Division of ORNL. 
10. o, R. Visaers and M. J. Steindler, Laboratory Investiga

tions tn Support of Fluid-Bed Fluoride Volatility Processes. Part 
X. A Literature Survey on the Properties of TeUunum, Its 
Oxygen and Fluorine Compound!, ANL-7142, p. 22 (February 
1966). 

fashion but with lower p/e&ures as expected. CoF 3 and 
NiTe2 produced both TeF 4 and TeF 6 at temperatuies 
greater than 160°. The excess NiTe2 was converted to 
Te vapor and solid Ni 3 Te 2 as the temperature increased 
to a final value of 780°C. The CoF 3 and Ni 3Te 2 

produced no vapors below 450°Z. From 450 to 550° 
both TeF 6 and CoF3_ were evolved. At 600° TeF 4 , 
TeF 6 , and CoF 3 vere observed. At higher temperatures 
complex mixtures formed containing unidentified 
species, TeF 4 , Te 2 , CoF 3 , CoF 2 , and NiF 2 . The 
cracking pattern for the CoF ; was observed to be: 

ion Rehtive intensity 

CoF2* 35 
CoF* 100 
Co* 25 

It was noted that the fluorinating agent O ~3 tends to 
adsorb rather large amounts of G 2 and smaller quanti
ties of H 2 0 and C0 2 during exposure for several 
months in a dry box containing He dried with liquid N 2 

and with molecular sieve but containing no oxygen-
.Trr.zving rtagent. Exposure to laboratory air produced 
essentially th? same results in about 2 hr, causing a 
1.2% weight g?:.n. Baking this material for several hours 
in vacuum at 175°C apparently reî owed these impuri
ties completely. The use of this degassed material to 
800°C produced no oxides or oxyfluorides in either the 
vapor ov the residues. 

Telluridcs of Ni, I ;e, Cr, Mo, Bi, and Li are presently 
being studied. Three tellurides of nickel, NiTe 2, NiTe. 
and Ni 3 Te 2 , have been observed. Tellurium vapor 
reacted with nickel metal to form NiTe2 at 412°, NiTc 
in the range 550 l> 600°, and Ni 3 Te 2 in the range 600 
to 800°C. The Ni 3 Te 2 , which is apparently the most 
stable telluride of nickel, was found to slowly decom
pose ar 800° to form nickel metal and tellurium vapor. 
The pressures of monomer and dimer were 7 and 4 X 
10" 4 torr respectively. These pressures yield A F ° 8 0 0 ° C 

of+30.8 and +59.3 kcal for the reactions: 

N i 3 T e 2 ( c ) ^ X 3N<c) + Te 2(g) 

and 

N i 3 T e 2 ( c ) ^ X 3N<c) + 2Te(g) 

respectively. The reaction 

3 N i T e Z £ l X Ni3Te2 +^Te 2t 
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wa* used to synthesize small (gram) quantities cf the 
Ni 3Te 2 from :!.«. commercially available Nife. While 
mass spectroscopy detected only tellurium vapor evolv
ing fro'ii NiTe nt 705°C. the off-gas trap in the 
synthesis experiments was found to contain NiTe2 as 
well as tellurium. This suggests that NiTe decompose? at 
705°C priman!\ by the above reaction, but also by the 
reaction 

4NiTe(c) -* Ni 3Te 2(c) + NiTe2 , 

producing NiTe2 vapor vith a pressure of <!0~ 6 torr. 
This is our first evidence that a structural metal 
telluride may exist in the gas phase. We have no 
evidence that Ni 3Te 2 is thcrr.iaily unstable at 705°C 
over a period of several days at pressures in the range of 
10"5 torr. Under the same conditions at 800°C the 
decomposition to nickel and tellurium is complete, with 
no evidence of compounds richer in Ni than Ni 3Te 2 . 

CrTe was formed by the reaction of tellurium vupor 
at 412°C and 2.4 X 10~2 ton vith chromium in a 
quartz container. This material was heated to 750°C in 
a nickel container under hard vacuum, with no evidence 

of volatility, decomposition, or reaction with the nickel 
container. 

MoTe2 showed no measurable vaporization, but 
evolved tellurium vapor at temperatures above 750°C. 
At 800° the tellurium pressure was near iO"3 torr. 
yielding &F°800<> of about +29 kcal for the reaction 

MoTe2(c) -* Mo(c) + Te 2(g). 

FeTe was found to react with Ni at 725° to form 
Ni 3Te 2 and Fe. 

Bi2 Tc 3 produced no volatile species below 450°C. 
Between 450 and 800°C, however, the material was 
both volatile and unstable; vapor species of Bile. Bi, 
Bi2, Bi 3, Te, and Te 2 were observed. The gas-phase 
reaction Bi2 + Te 2 = 2BiTe has been discussed in the 
literature.1' 

Li2Te was found to react rapidly with air at room 
temperature, going completely to Te and LiOH. 

11. R. F. Porter and C. W. Spencer, / Chem. Phys. 32, 
943-44(1960). 
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8. Development and Evaluation of Analytical Methods 
A. S. Meyer 

8.1 IN-LINE CHEMICAL ANALYSIS 
OF MOLTEN FLUORIDE SALT STREAMS 

J. M. Dale D. I Manning 
A. S. Meyer 

We have concentrated ou ir-line research and devel
opment efforts on preparations for the analyst of the 
coolant salt in the Coolant Salt Technology facility 
(CSTF). Our research studies have indicated the possi
bility of measuring corrosion products and an active 
protoiiic species in the NaBF4-N3<r coolant stream. 

The Salt Monitoring Vessel (SMV) that has been 
installed at the CSTF is equipped with six risers, each 
fitted with 1 V2-in. ball valves. Two of these risers are 
fitted with Pyrex windows and are angled so that their 
axes intersect the axis of one of the vertical risers at the 
melt surface and thus provide for illumination and 
visual observaticn of the melt. One of the vertical ports 
has been • curved for surface tension experiments, and 
the remainder are assigned to analytical measurements. 
We have prepared a shielded assembly equipped with 
three voitammetric electrodes for insertion in one of 
these vertical risers. The shield is a I-in. Inconel tube 
whose open end penetrates the melt to below the level 
of the electrodes. It can be purged «.vith He-BF3 to 
provide fresh melt surfaces and an essent;ally quiescent 
melt around the electrodes. In a second riser we will 
install four voitammetric electrodes where they can be 
observed through the viewing port; We plan to use the 
third analytical port for future po.er tiometric measure
ments with a proposed LaF 3 membrane reference 
electrode that uses the potent'ai of the Fe-FeF2 couple 
as a reference. Provision has also been mad^ to vary the 
flow through the SMV from 0.15 to 2 gpin so that it 
will be possible to study the effects of flow on the 
voitammetric measurements. 

A large portion of our recent research has been 
devoted to the studies of the proton wave described in 
the next rection. In earlier work we had investigated the 
fundamental electroanalytical chemistry of iron in 
NaBF 4 ' and had observed th« Cr(HI) -»Cr(0) reduction 
wave in a region (~-1.0 V) near the cathodic limit of 
the NaBF4 melts.2 Recently we performed vol-
tamme'ric measurements on a melt prepared from the 
materia] used to charge the CSTF in order to determine 
whether it presented any unusual features and to 
measure the increase in the diffusion coefficients of the 
corrosion product ions with temperature. 

At 500°C the melt showed the anticipated iron wave 
and a rather large proton wave (despite a low OH 
analysis and carefu! prepumping) and no chromium 
wave. On heating to 6C0° the cathodic limit ^f the melt 
decreased several hundred millivolts at a platinum 
working electrode so tha^ it was not possible to observe 
the reduction wave from 200 ppm of added Cr(III). An 
even greater decrease in the limit was noted at ihc-
DaSiadiurn electrode. We attribute this change in the 
limit to the alloying of the boron . luction product 
with the electrode material. 

We have screened a number of poss'ble alternate 
electrode materials and found that iridium, pyroiytic 
graphite, and copper yield resolved chromium vaves at 
600° that are comparable to those obtained at 
platinum at S00°C. On a gold electrode the chromium 
wave appeared about 100 mV earlier, giving better 
resolution from the limit apparently ?s a result of 
alloying of the deposited chromium. Silver offered no 
advantages, and rhenium and tantalum were too active 
for use in NaBF4 melts. 

Our present research cells cannot be operated at the 
maximum operating temperature of the CS1F 
(1250°F). We have chosen a selecticr. of three »;;dium 
electrodes and one each of pyroiytic graphite, copper, 
gold, and evacuated palladium in order to offer the best 
opportunity to perform chromium analyses at 1250°F. 

8.2 VOLTAMMETRIC STUDIES OF PROTONATED 
SPECIES IN MOLTEN NaBF4 NaF (92-8 mole %) 

D. L. Manning A. S. Meyer 

We have continued studies on the voitammetric 
behavior of protonated species in molten fluoroborate 
salts at an evacuated palladium tube electrode.3 The 
initial studies were conducted with the melt contained 
in a graphite cell, which was then enclosed in a silica 
jacket. However, to eliminate any effect of silica and to 
achieve higher melt temperatures, a nickel cell enclosure 
was fabricated. Both graphite and coppei cells hive 
been utilized. Voltammograms recorded at palladium or 

1 Ficd R. Clayton, Jr., "Electrochemical Studies in Molten 
Fluorid'-s and Fluoroborates," doctoral dissertation, University 
of Tennessee, December 1971, pp. 45-47. 

2. D. L. Manning, MSR Program Suniannu. Progr. Rep. Feb. 
29, 1972, ORNL-4782, p. 82. 

3. D, L. Manning and A. S. Meyer, ibid., p. 83. 
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palladium-silver (75:25) alloy electrodes revealed a 
well-defined wave at about - 0 J V vs a platinum 
quaii-reference electrode. The wave conforms to a 
reversible one-el«»ciron reduction by voltammetric and 
chronopotentiometric criteria. By electrolyzin^ at a 
potential beyond the peak potential of the wave, an 
increase in pressure was observed inside the electrode 
This is evidence that the wave is due to the reduction of 
protons with part of the resultant hydrogen diffusing 
through the palladium. It was first believed that it 
would (v possible to relate the -jressure measurements 
to the protonic consent of the melt under controlled 
electrolysis conditions. Experience with differen t elec
trodes, however, has revealed that the "porosity" to 
hydrogen among the electrodes is not necessarily 
constant; also, pressure measurements at a given elec
trode will change (usually decrease) with time in the 
melt. Nevertheless, it is still possible to collect gas 
samples by this technique for measurement of isotopic 
ratios of hydrogen. 

Our first assumption w&s that the voltammogram 
resulted from the reduction of -OH as NaBF3OH at 
the palladium electrode. How^vei, the voltammetric 
results were consistently low when compared with 
infrared data Also, we observed that the wave height of 
the voltammogram can be significantly reduced by 
cooling the top of the nickel cell enclosure and can be 
returned to the original value by heating. We now 
believe that the protonic species yielding the vol
tammetric wave is in equilibrium with a vapor species 
that can be condensed at cooler temperatures. More
over, no marked variation in the BF3OH~ concentration 
as measured by the infrared pellet technique appeared 
to be associated with the marked changes in the 
reduction wave. We have also noted that when the 
vapor species is removed by sweeping with helium, the 
wave decreases, but recovers slowly after the sweep is 
discontinued. This suggests that the more electroactive 
species may be replenished via slow reactions of a more 
stable pi donated component. 

To explain these results we have postulated reactions 
such as 

2NaBF3OH + NaBF4 * N a 2 ( B F 3 ) 2 0 

+ NaF + HBF 3 OH^ vapor, 

NaBF3OH + 2NaBF4 ^ N a 2 ( B F 3 ) 2 0 

+ NaF + HBF 4 ^ vapor, 

in which the melt equilibrium strongly favors the 
NaBFjOH species. Tc be consistent with out observa

tions, the diffusion coefficient of the more aciive 
species must be higher than the typical value of 10~ 6 

cm2/sec in fluoride melts so that the active proton 
concentration is lower than we suspected. 

To test these hypotheses, we added crushed chro
mium metal to a fluoroborate melt and followed the, 
vohammetric wave and the BF3OH~. Pertinent obser. ?-
tiom at 500°C • ? recorded below. 

Proton wave H as 
l i m e height OiA) NaBF3OH(ppm) 

~i hi 3300 52 
4 hr 500 42 
1 day Not detected . 32 
2 days Not detected 29 
8 days Not detected 24 

Of interest here Js that after tight days, the BF3OH~ 
level has decreased approximately one-half, whereas the 
voltammcgram, for practical purposes, was lost within 
the firs: day. This appears to be additional evidence 
that the voltammetric and infrared techniques are not 
observing the same protonated species. 

After eight days at 500°C the temperature was 
increased to 600°C, and a sample was withdrawn after 
the melt was maintained at 600°C fo r three days. It was 
also discovered that the cell had develop »ed a leak while 
at 6°0°C. The sample indicated 47 ppm H as NaBF3OH 
(an increase from 24 ppm at 500°C) and 0.22% Cr. 
Thus the NaBF^OH production from contamination, 
most probably moisture, proceeded faster than its 
reaction with the Cr metal. At no time, however, was a 
voltammetric proton wave seen, and the equilibrium 
potential remained cathodic (melt reducing). Acidic 
proton- (HG, HBF 4, etc.) were apparently consumed 
rapidly by the Cr mets1 as they were not observed 
voltammetrically during the buildup of the NaBF3OH. 

The 0.22% Cr JI the filtered sample seems high. The 
cathodic equilibrium would seem to ;ndicate predomi
nantly Cr 2 + in the melt, which may be more soluble 
than Cr*\ However, this is yet to be established 
experimentally. 

After the leak was detected, the salt was frozen and 
the cell dismantled for inspection. A white coating 
analyzed to be predominantly NaBF4 was deposited on 
the flanged top of the cell. The route by which the salt 
collected on the flanged top, about 12 in. from the 
surface of the melt, is not clear. The gold thermowell 
(2/4-in-OD tube, closed end, ~V 3 2-in. wall) was coated 
extra thickly with green-«;olored salt and underneath 
wa« a bright metallic plate deposited on the gold. A 
s?niple of the metallic film was found to be chromium. 
This would seem to support the existence of Cr(ll), 
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which could disproportionate at the coolest surface (in 
ihis case the thermowell) into Cr metal and Cr3* as tne 
salt was gradually frozen. It now seems apparent that 
the protonic species present and associated equilibria 
are more complex than our origina! concepts. We are 
continuing thest studies, however, and attempts will be 
made to evaluate the diffusion coefficient of die 
electroactive protonated species sc that the concentra
tion of this substance can be determined. 

8.3 INFRARED SPECTRAL STUDIES 
OF NaBF4-NaF 

J. P. Young A. S. Meyer 

There is still some confusion as to the chemical 
reactions and stable species of H, B, F, and 0 that exist 
in NaBF4-NaF (92-8 mole %). Progress in our under
standing of these melts has been made, however. Froi.i 
infrared studies of NaBF4-NaF melts described in the 
previous reporting period, we had established the 
existence of BF3OD~ ion in the melt but had not found 
the route of entry of this species, whether by chemical 
reaction or exchange. The usefulness cf the NaBF4 

coolant salt in the trapping of hydrugen isotopes 
(tritium) is not necessarily based on an exchange 
reaction with BF3OH~, even though this is a possible 
mechanism. The studies we have carried out4 seem to 
demonstrate a chemical reaction of diffused hydrogen 
isotopes with the melt rather than an isotopic exchange. 
This apparent lack of exchange in melts, coupled with a 
continuing unsatisfactory correlation between the re
sults of the deuterium exchange technique described in 
an earlier report5 and uV infrared pellet technique6 for 
the determination of combined hydrogen in samples of 
NaBF4, has led to a discontinuance of the isotopic 
exchange method. Based on present knowledge, the 
apparent exchange we observed in the earlier studies 
was probably caused by a side chemical reaction or 
exchange with a species other than BF3OH~. Additional 
confirmation of the original calibration6 of the infrared 
method has been obtained by mixing known quantities 
of solid NaBFjOH with solid NaBF4-NaF and melting 
these mixtures in vacuum-tight crimped copper con
tainers maintained under isothermal conditions. In 
these tests, NaBF3OH additions corresponding to 25 

4. Section 8.4, this report. 
5. J. P. Young and A. S. Meyer, MSR Program Semiannu. 

Progr. Rep. Feb. 29, 1972 ORNI.-4782, p. 83. 
6. J. P. /oung, J. B. Bates, M. M. Murray, and A. S. Meyer, 

MSR Program Semiannu. Progr. Rep.. Aug. 31, 1971, ORNL-
4728, p. 73. 

pnm of hydrogen or less were recovered quant latively. 
Less than quantitative recoveries of larger additions 
(e.g., 40 ppm) are probably caused by the separation of 
a volatile proton species which does not completely 
reequilibrate with the salt when it solidifies. Indeed, 
under nonisothermal conditions, a tan-colored viscoui 
liquid can be condensed on a water-cooled surface (sc-e 
also Sect. 8.2, this report). This \\rK d fumes in air and 
was shown by NMR analysis to con tit n essentially equal 
molar quantities of H and F. From the NMR chemical 
shift, it is indicated that the hydrogen is not ionic. 
Thus the liquid cannot be HBF4 oi HBF3OH but might 
be BF3*H>0, BF 3*2H 20, or a compound of 
Br nOH„_ 3. Although a very careful technique is 
followed, it is not possible to melt NaBFs or NabF4-
NaF mixtures of low BF3OH" content (7 ppm H) in the 
crimped isothv.mal containers without causing the 
BF3 OH "concentration to increase by about 15 ppm 
hydrogen based on the infrared pellet analysis. It 
appears that this increase is caused by some other form 
of proton, most likely H 2 0, that is converted to 
BF3OH" en melting. If the salt containing 20 ppm 
hydrogen is ground in air and again melted, a further 
increase of 15 to 20 ppm is observed. If the product of 
the first melting is ground in an inert atmosphere box 
and remelted, no further increase in BF3OH" concentra
tion is observed. We had reported5 that sometimes we 
could melt samples and keep the hydrogen concentra
tion at approximately 6 to 8 ppm. These salts were 
melted in a nonisothermal gas phase system of very 
large gas-to-melt volume ratio, where it seems likely 
that the BF3OH" was prevented from forming or the 
excess was decomposed by an as yet undefined mecha
nism. From a consideration of spectral and electro
chemical results, there are at least three kinds of 
protonic specie: that can find existence in molten or 
solid NafcF4. This fact undoubtedly is a partial cause of 
our inability to obtain a precise analytical determina
tion of hydrogen in these salts by the several methods 
avaihble. We plan to undertake further investigations in 
the preparation or synthesis of NaBF4 melts that 
contain essentially no BF3OH" so that the various 
proposed solute species and their interactions can be 
better studied. 

8.4 STUDIES OF PROTONS IN MOLTEN NaBF4 

J. P. Young J. B. Bates 
G. E. Boyd 

Several studies of the reaction or exchange of D 2 or 
H2 with solute species in molten NaBF4-Na.F have been 
carried out. Our most definitive results, thus far, have 
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Fig. 8.1. Growth of BF 3OD~ as D 2 is diffused into molten 
NaBF4-NaF. 

been obtained from experiments in which either D 2 or 
H 2 was independently diffused through 0.004-in.-wall 
nickel thimbles into molten NaBF4-NaF contained in a 
S i0 2 ceil at a temperature of app'oximately 425°C. 
The presence or ?bsence of th? BF3OD~ ion and its 
change n concentration %as followed spectrophcto-
metrically by changes in tine intensity of its character
istic infrared absorption peak at 269C cm"'. In a S i 0 2 

cell one cannot observe similar changes in the BF 3OH" 
ion since that absorption peak is masked by absorption 
peaks of the container. Under our experimental condi
tions, if D 2 is diffused into a fresh milt, seme BF 3OD' 
ion is formea initially, but vithin 20 mil, the intensity 
of the ?690-cm _ I peak reaches a maximum and levels 
off, as shown in Fig. 8.5; no further changes in the 
intensity of tnis peak are noted if the diffusion of D 2 is 
continued. If K2 is diffused into the melt first (for 2 hr) 
and then D 2 is allowed to diffuse into the meit, no 
BF3OIX absorption is seen. These results in the S i0 2 

apparatus suggest that D 2 does not exchange with 
BF3OH" ion in the melt, but rather that D 2 (or H 2 ) is 
capable of reducing some specks in the melt. One of 
the ultimate products of this reduction is BF3OD*. If 
D 2 is first diffused, the BF 3 OU ion is observed; if H 2 is 
first diffused, the reduction is ompleted with H 2 ,and 
no BF3OD" is seen when D 2 is subsequently intro
duced. We have carried out similar studies with melts 
contained in the LaF3 cell,7 but the results have been 
inconclusive because NaBF, creeps out of these small 
cells when gas is passed into the melt. 

7. J. B. Bates. J. P. Young, and G. fc. Boyd. MSR hogram 
Semiemu Prop. Rep. Feb. 29, 1972. 0RNL-4'» J. f> 5<>. 

8.5 ANALYSIS OF COOI 4NT COVER GAS 

R. F. Apple A. S. Meyer 

In order to calibrate transducers for the measurement 
of hydrolysis products in coolant cover gas. it will be 
necessary to measure the "water" that is present in 
actual or simulated cover gas streams, probably as BF 3 

hydrates. Our earlier teUs have shown that the BF 3 in 
such gas streams interferes with the determination of 
water by the Karl Fischer (K.F.) titration. It appears 
likely that the BF 3 interference "an be eliminated by 
absorbing the water (and Br 3) in cold pyridine and 
then separating the waicr by ai.ee tropic distillation. 
Application of this technique will require a K.F. 
titration of improved sensitivity. D. J. Fisher andT. R. 
Mueller of the Analytical Chemistry Division's Instru
mentation group have designed an improved automatic 
coulometric titrator for this purpose. This instrument 
decreases the generating current as the end point is 
approached and provides an automatic adjustment of 
the compensating current that is required to maintain 
the titrating solution at the end point. 

Although the instrument functioned according to its 
design specifications, we were unable to exploit its 
improvements because of random variation in the 
potential of the indicator electrode system. In the 
coulometric titration the sample is added to a so.utiof 
of essentially depleted K.F. reagent, that is. a solution 
ef pyridine, pyridinium iodide, excess S 0 2 , and a trace 
of iodine in methanol. Iodine is then generated electro-
ryticiily until the original activity of free iodine is 
reached. Thus each mole of water added consumes one 
mole of coulo> letricaily generated iodine. 

The precis>on of the technique is primarily limited by 
the precision with which the free iodine activity at the 
end point can be reproduced. The free iodine can be 
detected by measuring the potential that is developed 
between platinum electrodes immersed in the titrating 
solution and polarized with microampere currents. 
Where excess water is present, iodine is generated at the 
mdicatoi anode, while hyaroge.i is generated at the 
cathode. Thus the potential approaches the H 2 - l 2 

coupie (typically 610 mV). Conversely, when a large 
excess of iodine is present, the cathode is ^polarized, 
and the potential approaches zero. In practice the most 
sensitive region of 'he tifscion cunre is found at iodine 
concen rations ^responding to about 200 mV poten
tial between the electrodes, and the end-point potential 
is selected at about this vakte. The iodine concentration 
at the cathode, demonstrated to be the potential-
determining electrode, is determified by both the rati 
of reduction (density of polarizing current) and the rate 

http://ai.ee
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the free iodiae reaches the ekc«r<v*c-. Because of 
turbulent flow in stirred solutions the concentration of 
iodine varies randomly, and variation in the potential 
between the electrodes becomes excessive. 

We have postulated that if a rapidly rotating cathode 
were used the rate of iodine transport to this electrode 
would be determined primarily by the constant velocity 
of the electrode through the solution rathet than by the 
random movements in the stirred solution. An electrode 
was constructed of 0.040-in. platinum wire approxi
mately % in. long at.iched at right angles to a %-in. 
rotating shaft. The electrode and shaft were insulated 
with a combination of Teflon spaghetti and shrinkabte 
vinyl tubing. Onlv the tip of the platinum was exposed, 
so that a relative !arge velocity was achieved on 
rotation. By a systematic variation of the parameters 
associated with this electrode, we have found that good 
results car be obtained with 7 mm of 0.040-in. 
platinum exposed; nd rotated ?t 1800 rpm with a polar
izing current of 35 jiA. Under these conditions the re
sponse is about 1S mV per microgram of water in approx
imately 100 ml of titrating solution, and the output 
voltage appears essentially free of noise on the damped 
meter of the instrument. In the titration of test 
portions of methanol containing about 500 £tg <̂  water, 
values of 500 ± 3 ug were obtained, whereas reproduci
bility to better than 1 /ig was obtained with smaller 
injections (~30 i*g). It is likely that this leproducibiliry 
is now limited by the precision of our injection 
technique. More optimum conditions cat jrobably be 
found using a mechanically improved rotating system 
new under construction, but these results are adequat? 
for our present usage in detennuvng water in coolant 
cover gas. 

These investigations were made with a prototype 
system in which the electrode shaft passes through a 
Tcuon bushing. Alignment is very critical, and after a 
few houfs of operation some Teflon "chaff' enters the 
cell and < ffects the electrode potential by covering part 
of its surface. An improved bearing and shaft seal are 
now being fabricated. 

We are testing a technique for determining the 
hydrogen in coolant coyer gas by measuring the 
pressure of hy<*;ogen as it diffuses through a heated 
palladium diaphragm. At equilibrium the same partial 
pressures of hydrogen are present on both sides of the 
membrane, ind by using prercductive techniques it may 
be possible to obtain total hydrogen as well as 
uncombined hydrogen in an untreated gas stream. 
in****! •£»*$ using j hydrogen purifier equipped with a 
heated diffusim* tube sA Ag-Pd alloy showed that, while 
iks pleasure outside the tube did approach the partial 

pressure of hydroger inside the flow-through systein, 
equilibrium was app'oached quite slowly, particularly 
when going to lower pressure. This has been attributed 
U> a reservoir of h> d. :gen that dissolves at high pressure 
in the cool ends of the diffusion tube. We are rebuilding 
the system to provide a more uniform temperature for 
the diffusion tube. 

8.6 SPECTRAL STUDIES OF MOLTEN SALTS 

J. P. Young 

As in the past, spectral studies of solute species in 
molten salts of interest to the MSRP have been carried 
out to investigate possible analytical applications and to 
gain insight into the chemistry of these melts. Studies 
are carried out in BeF2-based melts, of Jrect interest to 
the MSR, fuel salt, and alkali fluoride melts which 
provide change in solvent character and are zlso of 
interest in developing general knowledge of moUcn 
fluoride solution chemistry. Two further papers have 
been written, one published8 and one accepted for 
publication,9 in which our views are given on the 
formation and stability of high oxidation states of 
sever?! solute species in the presence o f O 3 - and/or F" 
iigands in fluoride melts. 

In cooperation with F. F. Blankenship, S. Kirslis 
(Reactor Chemistry Division), and S. Katz (Chemical 
Technology Division) we are studying the possibility of 
using the reduction of Ce(IV) to Ce(HI) with the 
subsequent fluorimetry of Ce(III) as an analytical 
me .hod for determining the reducing power of amen
able melts. Katz and Pitt 1 0 have described this tech
nique as a very sensitive means of determining or^nics 
:;; aqueous solution, and we have considered usi»<> .his 
in an inorganic melt. 

As a genera! analytical scheme the possible determina
tion of reducing power by Ce(III) formation from 
Ce(IV) seems of vilue; either spectral absorption or 
fluorimetric measurements could be made. An interest
ing reagent for use in such a scheme would be Ce0 2 . 

8. F. L. Whiting, G. Mamantov, and J. P. Young, "Spectral 
Studies of 6**, N0 2~, and Cr04*" in Moi'en LiF-NaF-KF and of 
O*" in Liquid Ammonia," /. fnorg. NucL Chenu 34, 2975 
(1972). 

9. F. L. Whiting, G. Mamantov, and J. P. Young, "Electro
chemical Generation and Sp^ctrophotometric Study of Solute 
Species in Molten Fluoride Media," /. Inorg. Nud. Chem.. 
accepted for publication (1973). 

10. S. Katz and W. W, Pitt. Jr., "A New Versatile an-J 
Sensitive Monitoring System for Liquid Chromatography. 
Cerate Oxidation and Fluorescence Measurement," A ul. Lett. 
5,177(1972). 
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Based on analogous chemical behavior, one might guess 
thai Ce0 2 would be very insoluble in fluoride melts, 
while Ceilll) would be soluble even ir the presence of 
0 2 _ . Sev«ra! preliminary studies h?ve been carried out 
o the sc.vents LiF-N^ KF and LiF-BeF2-ZrF4. In 
either m-'lt it W2« found that Ce(III) was sufficiently 
soluble for use I- this scheme. The absorption spectra, 
in either .nclt M 500°f. m the spectral region of 600 to 
300 nm. cc»skt of three peaks locned at 292. 2^4. and 
224 nm. The spectrum corresponds to the absorption 
spectrum seen for Ce(!H) in CaF2 crystals.11 No 
fluorescence of the melt has been observed, bat the 
solidified salt did fluoresce. The molar absorptivity of 
the most intense peak at 292 nm is estimated to be 700 
liters mole"1 cm" 1. Addition of Ce0 2 to a melt of 
LiF-NaF-KF generated some CeOII) which was sjen 
spectrally: at equilibrium some undissolved Ce0 2 still 
remained. Based on the absorbance of the 292-nm peak, 
3 f/eq of some material in the salt vas oxidized. Under 
our experimental conditions, down to 0. ok of 
Ce(III) per gram of sample could be detenu. -d by 
absorption spectral measurement. The method was 
originally proposed to be considered as i?n alternate 
method for determining very low concentrations of 
U(IH). We envision that its use as a general reducing 
power indicator might be of more use, either by melt 
absorption measurements or melt or solid fluorescent 
measurements. The evidence to date would indicate 
that Ce0 2 is not as strong an oxidant in these melts as. 
for example, MnF3, but Ce0 2 should be strong enough 
to oxidize Ni°, Fe°, etc., that might be present in such 
melts and that in the past have creaed problems in 
analysis when present with Ni2* and Fe2*. 

Tellurium is a fissier. product of the fuel bumup in 
moiten-sait reactors and has been implicated in some 
stress crai l:ing that has been observed in the metal a;ioy 
which his oeen used in the MSRE. because of thii 
interest hi Te, spectral studies of the various oxidation 
states v/ill be carried out. Initially only l e v or Te° has 
bccr. considered. It has been found, spectrally, that 
both ZnTe and NaaTe are soluble in LiF-NaF-KF and 
that Na2Te is soluble in molten LiF-Bef^ (ZnTe was 

not investigated). The spectra of the resultant rose-
colored solution probably arise from the Te*" ion and 
consist of a moderately broad peak at 52G nm and a 
very intense absorption in the ultraviolet below 350 
nm. The s^ctra are similar bui not identical to *hat 
reported by Gruen et a l . 1 2 for Lij^e and Cs^Te in 
melts that were essentially chloride media. We do not 
know the sensitivity of the absorbance peak at 520 nm, 
but we estimate the molar absorptivity to be between 
25 and 50 liters mole - 1 c m - 1 . The solubility of either 
tCiiUfide, therefure, is believed 10 exceed iOOO ppm in 
LiF-NaF-KF at 525°C. The dissolved Te2" ion is 
reasonably stable in an inert atmosphere at least for 24 
hr. but has been found to be easily oxidized by 
exposure of the melt to air, possibly an oxidation via 
0 2 or by the addition of Fe2*. 

In the last report we described the spectral studies of 
Li3Bi in molten LiCl that we had undertaken in 
cooperation with L. Ferris and his group (Chemical 
Technology Division). We have now carried out fur?!ie-
spectral studies of Li 3Bi in UBr and of Li-Pb alloys :n 
contact with LiCl. To summarize our results, Li3Bi 
seems to be die ionizee1 solute species in either molten 
LiCl or LiBr near the L*X melting point. The reddish-
yellow solution has an esseuriaily featureless ultraviolet 
absorption peak which appears similar to that obtained 
for U 3 Bi in molten LiCI-LiF (80-20 m o ^ ) . 1 3 «io 
absorption spectrum, or color, was observed when Li-Pb 
alloy was in contact with molten LiCl, and it seems 
probable that no unusual "plumbide" species wen 
present in the salt melt. These results are in line wttih 
chemical analyses of samples of these melts. 

11. P. P. J-eofilor, "Absorption and Luminescence Spt=*ta of 
Ce*** lot*," Opt. Spectrom. (USSR) 6, ISO <1959\ 

12. D. M. Gruen, R. L, tfcSeth, M. S. Foster, and C E. 
Crouthamd, "Absorption Spectra o» Atloti Metal Tetorides and 
of Elemental Tefluriam in Morten Aflcali HaBdej," /. Fhvt. 
Cfiem. 70,472(1966*. 

13. M. S. Fewer, C E. Croo**2siel, D. M. Gfacn. ,• id R. L. 
McBeth, "Pint ObsenraUtnt c* a Solution of LijBi, an Inter-
metallic in Molten LiCl and LiCI-LiF," / fhyx. Chem. 68,980 
(1964). 
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9. Other Molten-Salt Research 
9.1 THE WSPROPORTIONATION EQUILIBRIUM 

OF UF 3 SOLUTIONS IN GRAfHITE 

L. C. Gilpatrick L M. roth 

in the previous report1 we showed '.hat a UC 2 phase 
was the stabte carbide formed in the UF, dispropor 
tjonation equilibrium: 

4UF 3(d) • 2C(graphite) ^ 3UF 4(d) + UC 2 (1) 

when dilute (< l mole % UF 3 plus UF 4 ) tr.o!ter« 
fluoride solutions were equilibrated in a graphite 
spectrophotometr.c cell. In order to determine equilib
rium quotients: 

<2 '=f l jF 4 ) 3 / (U* 3 ) 4 (2) 

for Eq. (1), die reaction has been measured by 
approaching the ecuilibrium from both directions, 
either by disprcportionating UF 3 solutions in a graphite 
ceil or by reacting excess UC 2 with dUute UF 4 

sciutiom. We luvt found that the best method of 
measuring equilibrium quotients is by the back reac
tion, and for this reason the Q value is written as the 
reciprocal of Q' [Eq. (2)J when applied to die back 
reaction of Eq.(l) . 

Because the equilibration reactions were conducted in 
the spectrophotometric cell, UF 3 -̂ nd UF 4 concentra
tions could be monitored contiguously by absorption 
spectroscopy. Details of this prucedure have already 
been given1 and will be reviewed in a final report.2 

Extensive quantitative data have been obtained for Q, 
for the back reaction of Eq. (1) as a function of 
temperature and melt composition. These data repre
sent refinements of earlier results1 as a consequence of 
improvements in the data analyses. These improvements 
are primarily due to oetter base-line determinations and 
calibration data for the absorption spectra of UF 3 and 
UF 4 . We have found that the equilibrium is more 
sensitive to temperature and solvent changes than wat 
originally anticipated by previous investigators.3 

i. L. If. Toth aad L. O. Gitpauick, "The Dbproportkmation 
EquitibfBim of UF3 Solution*," &:.SR Senaennu. Progr. Rep. 
Feb. 29.1972, ORNL-47M, p. 98. 

2. L. M. Toth and L. O. Gilpatrick. The Subiity of Dilute 
VFyUF» Sohtfrvn Contained in Graphite (in preparation, 
197T). 

3. Q. »ong and K F, Blankemhip, The Stability of Uranium 
Trifluorkk. ?»;!!, QRNL-TM-2065 (November 1969). 

In Fig. 9.! ths logarithm of Q is plotted as a function 
of Fx - ' (7*K is ihe Kthan temperature) fc»r die back 
reaction of Eq. (1 > in the solvent LiF-BeFj 66-34 mole 
%). Also shown in the figure at the righ; ordinate is the 
ratio UF;,/(UF4 + UF 3 ) , equal to R, aru at the top of 
the figure «s the centigrade scale. Two lines drawn 
through the data points represent the experimental 
uncertainty, which arises mainly from the base line in 
the absorption spectra. 

Equilibria at various temperatures were approached 
from both the high-tempciature (open circles) and 
low-tenr.perature (closed circles) directions. To ap
proach equilibrium from the high-temperature direc
tion, the system was initially held en. 50°C above the 
temperature sought umi! the UF 3 concentration ceased 
to grow [UF 4 reacting with UC2 in the back reaction of 
Eq. (1)J. Then, the temperature was dropped 50° and 
the UF 3 concentration allowed to decrease by the 
forward reaction of Eq. (1) until no further change 

-2 

•3 

500 

o 

-7 

<*»•:.-C*6 72-10719H 

TBXPERATURE CO 
550 573 600 622 650 TOO 

1 r-r 

/ ! / 

\ 0.03 
1.30 1.25 1.20 1.15 MO I.Co 1.00 

Fig. 9.1. Eqai&brmm %wXmntM r% temperature for tbt reac
tion UC2 • 3UF4 - 4UF 3 • 2C in UF-BcF} (66-34 mole %). 



57 

occurred, to^'ibnum could be shifted repeatedly in 
this manner by varying the temperature of the system. 
It is shown in Fig. 9.1 that the equilibrium is very 
sensitive to temperature changes, shifting by AQ= 107 

in ?he range from 500 to 700°C. This indicates that the 
stability of UF 3 is increased from ca. 5% at 500°C to 
ca. 60% at 700°C. 

Solvent effects on the equilibrium also have been 
found to be very large. Changing the composition from 
LiF-BeFj (66-34 mole %) to (48-52 mole %)* at 500°C 
ncreases the Q value by 10 s, as found by comparing 
Fig. 9.2 with Fig. 9.i. The piot of log Q vs 1/7* for the 
equilibrium of the reverse reaction for Eq. (2) in 
LiFBeFj (48-52 mole %) is similar to that of the 
previous figure. However, comparable concentrations of 
UF 3 tin be held at temperatures which are 150 to 
200°C lower than in the LiF-BeF2 (66-34 mole %) case. 

The two sets of Q values differ from each other 
simply by t'.ie ratio of activity coefficients, 7 of UF 3 

and UF 4 ir. the two solvents raised to the appropriate 
powers baes5 has assigned a value 7 = 1 to UF 3 and 
UF 4 in LiF-BeF2 (66-34 mole %) and has shown on this 
basis rhat a 7 = 0.7 and 10 was determined for UF 3 and 
UF,. respectively, in UF-ReF, (48-52 mole %). This 
yields a ratio: 

< ? L B / C L 2 B * 4 0 0 0 . 
Our data for QLB when extrapolated linearly tc 600°C 
yield a QLB!QL2B - 10.000. which agrees with Baes's 
predictions. It should be no!ed that the data of Fig. 9.2 
suggest a slight curvature which if extrapolated on a 
nonlinear basis would yield even better agreement. 

The data of Figs. *». I and 9.2 in the "laboratory 
system" of UF-BeF2 mixtures has been used as a basis 
for stikty by which the stability of UF 3 in reactor-ty, e 
sorveni; may He understood. Our earlier prtdicikmfi 
were that foi L«F-BeF2 7-f 4 (64-29-5 mole %) the log 
Q vs l/7"K ptoi of Fig. 9.1 would be shifted upward by 
ca. Q- 10 for the entire temperature range. This /oiV is 
due to the ZrF 4 , which decreases the fluoride Um 
concentration and causes an inenrw in the Vf^ 
^ability. For LiF-BeFj ThF 4 (72-16-12 mole %) we 
also predicted that UF 3 should be less static than in 
LiF-BeF2 (66-34 mole %). However, equilibration 
measurements h3ve recently been performed as de
scribe-! for the UF SeF2 solver.; systems, and they 

w n - w w 

;. L»!-8er2 166-34 mok %) deapiated as V L 2 B". LiF-BeF2 

(49-52 mole T) desisted as "LB." 
5. (*. F. Baes. it.,MSR Setmmmu. Prop- Rfp- ?**> 28. 1970. 

OKNL4548. p. 153. 
6. L. M. Toth and L. O. GUpitrick. MSR Srmutnm prop. 

Rep Auf 31. 1971. 0*NL4728. pf> 77 78. 
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show <tefinite!y that UF 3 is at leas; as st-Jrie as in i ie 
LiF-BeF2 (66-34 mole %) plot of Fig. 9.1. A detailed 
log Q v- I/7*K pfet for Lir-BeF2-ThF4 (72-16-12 moV 
%) witi oc presented later.2 

?.2 £MF STUDIES OF OXIDE EQWUIWiA 
IN MOLTEN FLUORIDES 

R G Ross C. F Bambergr C. F. Baes, Jr. 

Oxide equilibrium studies have continued because of 
iheir relevance to MSBK >'uel reprocessing development 
and to its oxide tofe'jnce. PreivMisly the »ohibiUty 
product for ThO? har been esthrated from PajO, sad 
Pa02 solubility measurements.7 and the sofcbiht) 
product for NrO has been estimated front measurements 
in UF-BeF2 solutions.8 Ho-wevcr, these estimates have 
not been corrobot*tt J by direct measurement. 

7. R G. Ro». C. E. Bamberger, and C. F. Bte*. Jr.. HSR 
Propmm Semrtmu. Progr. Rep. Feb. 29.1972, OftNL-4782. 

8. C. F. Baes. Jr.. in Nuciem MetaHurgy (Sympostvm on the 
Reprocessing of Nndear Fads. ed. f>. Chiotti). vol. iS. 
USAF.T-CONF 690801 (1969). 
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D. D. Sood's9 attempts to detemrne the Th0 2 

solubility product by directly measuring the oxide in 
solution were not satisfactory ' ^ause the oxide anal
yses had considerable scatter, it seemed desirable, 
therefore, to utilize a method not solely dependent on 
oxide analyses. Thus, we K*v* initiated emf studies of 
the equumriurr 

TnOjCc) • NiF,(d) * ThF4(d) + NKXc) (1) 

in LiF-BeFj-ThF* (initaBy 72-16-12 mote %). Through 
a combination of the emf measurements and material 
balance we expert to obtain precise values for the 
solubility products of Th0 2 and NX) in these melts. In 
addition, by varying the ccrwosilion of the melt, we 
wtB obtain a measure of die activity coefficknts of Ni3* 
and 'fh4*, which can be compared with previous 
estimates.10 

The N Fj concentration in these experiments is 
foBowed potentiometrica&y with a reference electrode 
designed by Bronsiein and Manning.11 In this elec
tro <c, Lis3eF4 saturated with NiF2 is contained in a 
sragk-oystd LaF3 cup. Efforts to date have been 
prnmn!y CMtceraed tsith the design and assembly of 
equtp-.nent, development of analytical and handling 
tedrjquei, me preparatJoi* of "oxide free*1 starting 
materials, and dammii^B of design inadequacies asso
ciated with the LaF3 reference electrode. 

We have been abk to prepare salt which, based on HF 
evolved dining stripping after hydrorniorination and the 
cqumnrium 

OH" • F (d) * O v (d) + HF(g) (2) 

contained 20 ppm oxide. A direct analysis (using * 
refined KBrF4 fusion method) gave an oxide concentra
tion o f 31 ± 3 ppn. We feci that this is quite good 
agreement, particularly since the equiHbrium quotient 
for the above reaction was estimated from a value for 
Lh?*eF4. In addition, it retker* our ability to avoid 
contamuuticti of Che nmpiet in handlrig prior to 
aroiysi*. Tht LaF3 reference electrode has been modi
fied a number of times to eliminate problems such as 
crystal fracture, lost of electrode contact, creeping of 
iait, and shorting of msubtors. 

9. Gawt sdeata* from Mnbte Atonic Reanrdi Centrt, 
l o«*1 , India, private coiawkrtion. 

10. C. F. !•*% I. , M3R ffopmn Semttoum. hop. Rep. Feb. 
28.1974, ORNL-4549. pp. 14*~52. 

11. H. *. tumum n i D . L Minning,/ EUctrockem. Soc. 
119,125(1972). 

In the several runs to date, the initial potential has 
been suble and approximately the value we expected. 
As reliability of the electtode is demonstrated, measure
ment of equilibrium (1) will be completed, and emf 
measurements will be extended to other oxide-fluoride 
equilibria of the general type 

MFx(d) +^NiO(c) * MO J / 2(c) 

+ * N i F 2 ( d ) + ^ N i ° ( c ) , 
z *. 

wherein the dissolved fluoride MF* may be UF 4 , ThF 4, 
ZrF4, TiF 4, or CrF2 and the corresponding oxide is, 
respectively, U 0 2 , Th0 2 . Zr0 2, TK)2, or Cr 2 0 3 . 

93 THE LmflUM FLUORIDE-
rETRAFLUOROBORATE PHASE DIAGRAM 

A. S. Dworkin M. A. Bredi? 

Determination of this phase diagram rounded out the 
studies of the aDtah metal fluoride-tetrafluoroborate 
binary systems at ORNL. A comparison of activity 
coefficients calculated from Fig. 9.1 with those for the 
sodium, potassium, and rubidium systems '^iculated by 
Moulton and Braunstein12 shows an increasing positive 
deviation from ideality wth decreasing cation size. At 
1000°K and mole fraction ATBF," of 0.2,0.4, and 0.6, 
activity coefficients 7 L i F were 1.16, 132, and 1.40, 
while values of TH.F ** r e 1-10. 1.20, and 1.23. The 

12. D. M. Morton and J. BraaastdB, HSR ttopwm Semi-
mum. from. Rep. Feb. 28,1971. ORNL4676, p. 100. 

0RNI.-M6 72-CKMA 

Lif ?C 40 CO 80 L.8^ 
Li8f« tmo*%) 

FfetJ. Ptat<k«ranorikewMtaiLiF-LaF4. 
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potassium system shows very slight positive deviation, 
while the rubidium system is essentially ideal. This 
trend most likely reflects the smaller distance and 
consequently greater multipole interaction between 
BF4~ ions in the presence of smaller cations. 

13 is 

2FF = = f'('-'Be 2 +) 1 -J> 3v dy 

I f / B e is zero, the cell emf becomes 

(1) 

9.4 CHRONOWTENTIOMETRY BASED 
ON DIFFUSION OF MOBILE NONELECTROACTIVE 

SPECIES 

J. Braunstein H. R. Bronstein J. Truitt 

It has previously be»n demonstrated that the elec
trical transference number of Be(Il) relative to fluo
ride ion as the reference constituent is zero in molten 
LiF-BeF2 mixtures at compositions between 0.3 and 
0.7 mole fraction BeF 2 , 1 3 and probably beyond. We 
hsve pointed out 1 4 that if alkali ions remain the sole 
current carriers (relative to fluoride) in these systems as 
tin BeF2 content is increased (and the BeF2 network 
structure develops), a novel and potentially useful 
response to electrochemical scanning methods is ex
pected. We also demonstrated the existence of a 
well-defined chronopotentiometric transition time for a 
beryllium metal anode in molten NaF-BeF2 (75 mole % 
BeF2) and interpreted it qualitatively as due to the 
formation of a nonconductive firm of BeF2 at the 
electrode surface. • 4 

We here present the results of a quantitative interpre
tation of the chronopotentiograns based on the diffu
sion of BeF2 formed at the beryllium electrode surface 
into the melt (interdiffusion of BeF2 and BeF2 -alkali 
fluoride mixtures). 

The potential of a beryllium anode measured relative 
to a beryllium reference electrode in melt of uniform 
composition during a constant-current electrolysis rises 
sharply as it sees increasmgry high BeF2 concentrations, 
the time required for the rise being governed by the 
current density and the interdiffusic-.i of BeF2 and 
alkali fluoride. The reversible emf of the resulting 
concentration cell, I: 

I Be 

ref 

BeF2-MF BeF2-MF 

crer.ee 

Be 

polarized electrode 

13. K. A. Romberger and J. Brainstem, fnorg. Chem. 9,1273 
(1970). 

14. H. R. Bromtein, J. Train, and J. Brannstetn. MSR 
Propmm Sewianm. Ffoy. Rep. Feb. 29, 1972. ORNL4782, 
pp. 96-98. 

2FE 
= ln RT " (1 -y? -In 

2FEE 

(1 -}'oY RT 
yo (2a) 

In the abov? equation, y and /iB«F2

 a r e t n e m o ' e 

fraction and chemical potential of BeF2, y 0 is the 
initially uniform melt composition, and ' B e is the 
transference number of Be(II). The first two terms on 
the right-hand side of (2a) give the "ideal" emf, and £* 
is the "excess" cell emf, which can be calculated it the 
activity coefficients are known: 

2FEE 

RT 

If only the alkali ions are mobile and carry electrical 
current by migration from the anode under the in
fluence of the electric field, the F&radaic current can be 
sustained only by alkali ions that diffuse back to the 
anode. The situation is analogous to chronopotentiom-
etry of z dilute electroactive constituent whose elec
trolysis produce is soluble in the solution; however, the 
emf is given not by the Nemst equation, but by the 
expression for the binary mohtn alt concentration cell, 
Eq. (1) or (2). The solution of Fick's second law, 

dt 
=D a

2cv 
ax* ' 

is subject to the usual initial condition 

{r=0>- {C M * = C ° M * - 0 < A ' < W , > 0) 

(i.e., uniform concentration initially) and to the bound
ary conditions 

{x -~} -*{cM

+=cV,o</<"} (H) 

{uniform (initial) concentration at infinite distance 
from the electrode] and 

^ 7 = / , FA M = -D 
dCi M 

* = 0 bX (Hi) 
*=o 

http://crer.ee
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(electric current limited by back diffusion of mobile 
species). The third condition is unusual in that it is a 
consequence of depletion of a noneleclroactive con
stituent, alkali ion, by migration rather than the usual 
depletion of electroactive species by electrode reaction. 

The solution of the diffusion equation with the above 
Initial and boundary conditions is, however, formally 
identical with the solution for ordinary chronopoten-
tiomet'y, and the concentration at the electrode sur
face 1 5 is 

C M F = C ° M F - < t f I / 2 , (3) 

where C° and C are the initial and the instantaneous 
concentrations at the electrode surface and 

2 MA 
\faFy/D' 

The beryllium concentration at the electrode is, by 
stoichiometry, 

MF 
K B e F 2 

(4) 

The concentrations are in equivalents per cubic centi
meter, and the V are partial molal volumes. 

The transition time resulting from settings - 1 in Eq. 
(2) is identical with that of the Sand equation: * s 

* r , / 2 = C « M F = - ' - * 
^MF+(^BeF 2 "^MF)ro 

(5) 

The chronopotentiogram may be calculated, with the 
probably poor assumption for these m Îts of a concen
tration-independent diffusion coefficient, by combining 
Eqs. (2), (4), and (5), making use of the relations 
among the concentrations: 

^BeFj ~ 
22L 

CMF = \-y 
m 

« * ) 

ygideal (i - VM¥Cw)[l + ( F W , - VUF)CMF) 

RT tfhtifytf 

, (1 - *WC°MF)« + <^B - ^MFK°MFJ , _ ~ In = ——— . (66) 
l*W 3c*M Fp 

600 
OML-ONG r?-7W)ti 

Fig. 9.4. Chronopotentiognin in molten NaF-BeF2 (about 
25-75 mole %) at 520°C, current density about 40 raA/cm2. 
Potential of beryllium working electrode, relative to a beryllium 
reference electrode, *s time. Dashed lines are calculated from 
the transition time T = 170 sec. 

The excess emf for the system NaF-BeF2 was 
estimated from activity coefficient data in LiF-BeF2 

mixtures16 since extensive data for N»F-BeF2 are not 
available, le; Jing to the estimate from Eq. (2b) and rcf 
16: 

2FEE 

RT «-3.s(„-,.•*£). (7) 

Figure 9.4 shows r4 typical chronopotentiogrim, 
measured in 0.75BeF2-C.25NaF, with "ideal" and 
"real" ones calculated from Eqs. (1), (2), and (3-7) for 
a transition time of 170 sec, leading to an average 
diffusion coefficient of 3 X 10"7. 

Values of I T 1 / 2 were found essentially independent of 
current density in the range 20 to 100 mA/cm2. This 
estimate of the diffusion coefficient is two orders of 
magnitude smaller than normal liquid diffusion coeffi
cients and an order of magnitude smaller than values 
reported in a less viscous UF-BeF2-ZrF4 mixture.17 

The present results demonstrate that a transition time is 
predicted for nonelectroactive species at high concen
tration in molten salt mixtures and is observed experi
mentally. A corollary of these results is that special czre 

15. P. Delahay, New Instrumental Methods in Electrochem
istry, Inierscknce Publi t, New Yo»k, 1954, pp. 179-80. 

16. T>. F. Hitch and l . r. Baes. Inorg. Chem. 8, 201 (1969). 
17. G. Mamantov and D. L. Manning, Anal Chem. 38,1495 

(1966). 
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ma* be needed in interpreting electrochemical scanning 
dnta in mixed molten salt solvents approaching uni-
v-ationic conduction. 

Initial measuv-'mer.'s with LiF-BeF2 mixtures (10-9. 
mole %) show the anticipated increase in transition time 
corresponding to the higher mobility of lithium ion. 
The measurements were made with an ORNL 2943 
cyclic voltammeter, designed by T. R. Mueller,18 the 
sal's being contained in a nickel vessel in a controHed-
atmosphere envelope that was heated in a conhoiled-
temperature furnace. 

Analogous equations may be developed for other 
molten salt systems, such as AICh-MCl melts. The 

analog of (1 > and (2) for ihe enif of the concentration 
cell with aluminum electrodes is 

2FE= I (1-fAi)- - , — - 4 v . 
yo 

2 f£-idcal y 

= In TT^-—rs - In RT {\-y?~n\\-\*?' 

18. T. R. Mueller and H. C. Jones, Chem. Instrum. 2, 65 
(1969). 
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Part 3. Materials Development 
H. E. McCoy 

Our materials work is currently involved with several 
important areas including (1) gaining a better under
standing of the intirgranu'.ar cracking of Hastelloy N 
that occurred in the MSRE fuel system and a method of 
controlling this cracking in future reactors. (2) develop
ing a graphite with improved dimensional stability 
under radiation, {">) development of surfa*.. waling 
methods for reducing the permeability of graphite to 
, 3 $ X e , (4) modification of the composition of Hastel
loy N to obtain an alloy that is more resistant to 
neutron irradiation, (5) evaluation of Hastelloy N for 
use in steam generators, (6) construction of a molyb
denum system for use with bismuth and fluoride salts, 
and (7) the evaluation of other materials for use as 
structural materials in the chemical processing plant. 

The first Lrea has continued to occupy a high priority, 
and fa rather extensive program of laboratory t?sts has 
been pursued. The laboratory tests are direr ted at 
determining the cause of the cracking, the rate of 
progression with time and temperature, and a reason
able solution to the cracking problem. The emphasis is 
on the fission product tellurium, since considerable 
evidence exists that this element is the cause of the 
cracking. 

The lifetime of a breeder core will be determined by 
the dimensional stability of the graphite. Dimensional 
changes can be accommodated to some extent, but 
volume expansion is usually accompanied by increasing 
permeability to xenon, which can become intolerable. 
Thus the problem of dimensional stability cannot be 
separated from the requirement of low permeability to 
l 3 *Xe. We are evduating graphites made by com
mercial vendors and locally in an effort to understand 
what types of graphite have the best dimensional 

stability. This information is being fed back to com
mercial vendors and into our own experime ital fabrica
tion program. Pyrolytk carbon coatings derived from 
propene tie currently being studied as a means of 
reducing the permeability to l 3 5 X e . Improved methods 
of characterizing the -stings aM being developed. 

The program to develop a modified Ha.«telioy N with 
improved resistance to radiation indicated that alloys 
with additions of 1.S to 2.0% titanium were most 
promising, and recent efforts have concentrated on 
these. Material has been obtained from three vendors 
that has been made by two basic melting practices. The 
evaluation includes weldability tests, unirradiated me
chanical property tests, and postirradiation mechanical 
property tests. 

A corrosion facility in TVA's Bull Run Steam Plant is 
being used to evaluate the corrosion of Hastelloy N in 
steam. Beth unstressed and stressed samples are in
cluded in the tests. 

Most of the work on chemical processing materials is 
going into the construct'.:." of a reasonably complex 
test facility constructed of molybdenum. Many new 
techniques have been developed which overcome or 
circumvent the basic difficulties of molybdenum fabri
cation. (Welds in molybdenum are inherently brittle, 
and fabrication into large sizes is hampered by the need 
for high temperatures and large forces to fabricate large 
parts.) The mutual requirement of compatibility with 
bismuth and salt narrows the choice of materials for the 
processing plant, but cur screening tests offer encour
agement that besides molybdenum, both tantalum and 
graphite will be compatible. Experiments are being run 
to determine whether these materials can be used and 
under what operating conditions. 
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vH)v Intergranular Cracking of 
Structural Materials Exposed to Fuel Salt 

H E. McCoy 

Examination of Hastelloy N from the MSRE revealed 
that all surfaces exposed to fuel salt had in Agranular 
cracks to a depth of 1 to 13 mils. Some of the cracks 
were vfsible when the parts were removed from service, 
whereas others did not appear until after the parts 
were deformed. The existing evidence indicates that the 
cracking is likely due to the intergranular penetration of 
the fi^ion proiuct Te Our experimental program has 
concenirated on the eriects of Te, but some work is 
continuing on the effects of other fission products. 

Our work invokes (1) studies of alloys exposed to 
small amounts of various fission products, (2) studies of 
Hastelloy N containing small additions of fission 
products. (3) tube-burst and strain-cycle tests in salt of 
several alloys plated with Te, (4) creep tests of several 
materials in an Ar-Te environment, and (5) studies of 
the tendency of Te to produce cracks in several 
structural materials other than Hastelloy N. Our ob
jectives are to determine the cause of the cracking; the 
dependence of the rate on temperature, time, and 
concentration; ana a reasonable solution to the prob
lem. 

10.1 CRACKING OF SAMPLES ELECTROPLATED 
WITH TELLURIUM 

H. E. McCoy B. McNabb 

We have compared the susceptibilities of a wide 
variety of metals to cracking due to penetraJiQn by 
tellurium by electroplating tensile samples with tellu-
riumTTrTen annealing, straining, and examining them. 
Two different combinations of tellurium concentration 
and annealing conditions were tried. We used the 
method described in the last semiannual report1 to 
plate samples to nominal tellurium concentrations of 
0.03 mg/cm2 (1.4 X 10 1 7 atoms/cm2' and 0.1 mg/cin2 

(4.7 X JO1 7 atoms/cm2). The materials included (1) 
standard and modified Hastelloy N, (2) Hastelloys B, C, 
X, S, and W; (3) Inconels 600, 601, and 718; (4) 
Incolov 800; (5) stainless steel types 201, 304, 309, 
310, 316, 321, 347, 406, 410, 446, 502, and 17-7 PH; 
(6) nickel; (7) copper; (8) Monel; ani (9) cobalt-base 
Haynes alloys 188 and 25. C-roups of samples were 

). B. McNabb and H. E. McOy, MSR Program Semiannu. 
Progr. Rep. Feb. 29, 1972, ORNL^782. p. 128. 

encapsulated with an argon atmosphere it. stainless 
steel; the first group, with 0.03 mg'cir2 o\' tellurium, 
was annealed for 1000 hr at 650°C, and the second 
group with 0.1 mg/cm2 of tellurium, was annealed for 
200 hr at 700°C. The samples were subsequently 
deformed at 25°C and sectioned for .netallographic 
examination to determine whether intergranuiar crack
ing had occurred. 

Standard Hastclloy N cracked intergranularry under 
both test conditions, as >hown by the typical photo-
micrograohs in Fig. 10.1. P jre Ni, Haste'.ioy B (l%Cr), 
and most of the modified compositions of Hastelloy N 
also formed intergranular cracks. Incoloy 800 (Fe—21% 
Cr-34% Ni) formed very shallow intergranular cracks. 
Generally, all of the nickel- and cobalt-base alloys with 
i5% or more Cr did not crack. Exceptions were 
Hastelloy W, with only 5% Cr, which did not crack, and 
Hastelloy S, with 15% Cr, which did crack. Armco iron 
and the numerous stainless steels in *he experiment 
were free of cracks (Fig. 10.2). Copper 2r& Monel 
(Ni-35% Cu) also did not crack (Fig. 10 J ) . 

The heats of modified Hastelloy N that did net crack 
in this experiment offer encouragement that this alloy 
can be modified to resist intergranular .racking due to 
tellurium. Heats 70-727 (2.1% Ti), 72-503 (1.9% Ti), 
70-786 (0.6% Nb, 0.8% Ti), 70-835 (2.6% Nb, 0.7% Ti), 
and 21543 (0.7% Nb) did not crack and offer strong 
evidence that Ti and Nb are beneficial in preventing 
cracking. These iame elements improve the resistance of 
Hastelloy N to neutron irradiation. 

10.2 INTERGRANULAR CRACKING 
OF SEVERAL ALLOYS WHEN EXPOSED 

TO TELLURIUM VAPOR 

H E . McCoy 

As discussed previously, we observed that intergran
ular cracks are formed in Hastelloy N that has been 
exposed to Te vapor and strained.2 During t vis report 
period we have shown that the extent of the cracking 
depends on the concentration of Te, the temperature 
and duration of exposure, and the chemical composi
tion of the alloy being exposed. In these experiments, 

2. H. E. McCoy, MSR Program Semiannu. Prop. Rep. Feb. 
29, 1972. ORNL-4782, pp. 134-37. 
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Fif.10.1. HarteHoy N (heat 5065) electrocuted with tellurium and strained at 25°C. (a) Electroplated with 1.4 x 10 1 7 

af«?s/cmJ of tellurium and annealed 1000 hr at 650°C. (b) Electroplated with 4.7 x 10 1 7 atomism2 of tellurium and annealed 
200 hr a; 700°C. As poli.th.ed. 
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* £ * * 

Fig. 10.2. Type 3C4L stainless steel electroplated with 4.7 
strained at 25"C. As polished. 

x 10 1 7 Mtamtlcm2 290 hr at 7tO*C, and 

tenii'^ specimens were sealed ' quartz ampuls, together 
with the amount of tellurium required to produce a 
desired surface concentration of tellurium en the 
specimens. When the ampuls were heated for annealing, 
the tellurium vaporized and transferred to the metal 
surfaces: in the discussion which follows it u the 
resulting surface concentration that is specified. 

The effect of Te concentration on the severity of 
cracking in Hastelloy N at 650°C is shown in Fig. 10.4. 
These samples were exposed for 1000 hr at 650°C to Te 
concentrations ranging UJ,T\ 0.5 to 54 X 10' 7 atoms/ 
cm 2. The cracking became more severe *z the concen
tration of tellurium was increased. 

Sample* of Hastelloy N weie exposed to a Te 
concentration t f 5.4 X 1 0 " atom;/cm2 for lOOOhr at 
550. 650, and 700°^. The microstructures in Fig. 10.5 
show that cracking became more severe as the exposure 
temperature was increased 

The progression of the cracking with time was 
followed by exposing samples at 700°C to 5.4 X 1 0 " 
atoms/cm1 of Te fo- 20. 48. 100, 500, and 1000 hr. 
The photomicrographs in Fig. 10.6 show that signifi
cant cracking occurred after only 20 hr of exposure. 

Increased exposure time did increase the crackiug 
severity. 

In the foregoing experiments with Hastefloy N, we 
observed that the depth of cracking titer 100 hr at 
700°C was slightly greater than that aftei 1000 hr at 
650°C. We therefore chose the shorter time period and 
higher temperature for screening tests of different 
alloys. 

Alloy composition had a lavge effect on the re 
to cracking, and much of our testing was involved with 
investigating this variable. Type 304L stainless steel, 
Moncl (Ni-35% Cu), Cr, Inconel 606 (Ni-20%Cr-3% 
Mn -2.5% Nb-0.6% Ti), and modified Hastelloy N 
(Ni-12% Mo-7% Cr-2.6% Nb-0.7% Ti) resvted crack
ing under all test conditions. Several alloys resisted 
era .king in the presence of 5 X 10 1 ' atoms/cm* of Te, 
but did crack some when exposed to 5 X 10" 
atoms/cm3 of Te. These included HasteJEloy N modified 
with 0.75% Ce, Hastelloy S (Ni-15% Mo-15% O 
0.01% La), Inconel 600 (Ni-15% Cr-7% Fe), and 
Inconel 601 (Ni-23% Cr-14% Fe-1,4% Al). Incoloy 
81 IE (Fe-32% Ni-21% Cr-2% Al) did no: crack at 
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»dstniMtf*t25*C. 

the lower Te concentration, but has not been tested at 
the higher concentration. 

These observations iikiitrate clearly the effects of the 
chemical composition of the alloy and the concentra
tion of Te on the severity of cracking. The effect of Tc 
concentration raises some questions about how well the 
type of test being run simulates reactor operation. An 
MSZPR would produce a Te concentration of 2 X 10*9 

atoms/cm3 over a 30-year period. Although the maxi
mum concentration of Te used in our tests was 5.4 X 
10' * atoms/cm2. the sample was exposed to this entire 
amount as the test was brought to temperature over a 
few hours. If we accept the mode! thai Te diffuses 
selectively along the grain boundaries, the tendency to 
embrittle i he boundary may be offset by the reaction 

(expitmcd m ttomt/am2 x I0 i 7 ) for 100© fcr attMTC 

of tfrr Te rith some reactive element such as Cr or Ce 
in the alloy. The availability of these elements at the 
grain boundary depends upon diffusion, and a slower 
rate of introducing the Te would be less severe. Thus, 
our tfr.. additions are likely more severe than those 
that trrnite be encountered in an MSBR. Methods of 
adding the T« at a more reasonable rate are being 
investigated. 

Chromium seem* effective in reducing the cricking. 
On the other '.land, since the dominant corrosion 
mechanism in fluoride salts containing U is the selective 
removal of Cr, the Cr concentration must be limited (to 
some yet undefined value) to limit the amount of 
corrosion. Tests arc in progress to better define the 
minimum amount of Cr to prevent cracking and ifc? 
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Sutem 
(ptO 

47,000 

Ruptme Rupture 
Heatmmber Sutem 

(ptO 

47,000 

fife 
(hr) 

stntn Bascaloy Addition 

3S1 

Sutem 
(ptO 

47,000 59.1 11.2 Has"*" / N None 
4©j000 
30,000 

198-5 
1935 2 

9.5 
20.4 

373 40jOOO 
304)00 

15J0 
215J 

3.9 
3.0 

HasteUoyN 600ppmTe 

375 47/)00 
40,000 141.S 

15.5 
13.6 

HasteOoyN 60ppniSr 

374 20,000 15.5 9.5 T y p 304 sta'.ikss «*«el 60ppmTe 
Stasdvd stainfe* • ted* 20/300 364.6 17.5 Typr 301 stainless steel None 

*E. E. Bloom, In-Remctor end PottimdktUm Creep-Rupture Properties of Type 304 Suinleu Steel at 6509C_ ORNL-TM-2130 
(Mard}l966). 
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naximum amount that will result m an acceptable 
corrosion rate. The tests of various alloys indicate that 
other elements such as Al, Hb, an 4 Ce rosy also he 
effective in preventing intergranular cracking. 

10 J MECHANICAL PROPERTIES 
OF STRUCTURAL MATERIALS 

CONTAINING STRONTIUM AND TELLURIUM 

H. E. McCoy 

Small heats of Hastelloy N were prepared that 
contained small additions of sev«aMmjon_j>roducts 
and sulfur. Creep tests at 6S0°C reveakd that S, Se, and 
Te reduced the time to rapture at a given stress and the 
rupture strain.3 Four additional alloys were made and 
tested ' I ) to reproduce the detrimental effects of Te on 
Hastelloy N, (2) u» determine whether Sr has 4er»i 
mental effects on Hastelloy N, and (3) to determine 
whether Te has detrimental efftcv; on *t«inle*s steel. 

The results of limited mechanical property test on 
the* isew .alleys ar* pytx in Tahk 10.1. Alloy 351 was 
a laboratory : ei of Hast»»lny N without additions, and 

the properties are included for companion. AOoy 373 
had an analyzed additioii of 60C ppra Te, and the 
detm\«ntal effects on the rupture life and the fractr*e 
strain are quite large. Alley 375 coatamed 60 ppm Si. 
and the properties are about equivalent »o those of 
afloy 351 without any addition. Thus, Sr at this 
concentration does not appear to be InrkneataL Meat 
374 is a laboratory melt of type 304 stainless steel with 
an addition of 60 ppm Te. The heat without a Te 
addition was not completed, so a.value from the 
literature4 for type 304 stai&kr* ited '& sch**?d in 
Table 10.1 for comparison. Based on lira comparison, 
Te appears tojedypt the rw cure Kf« and strain of type 
304 stunkss sted. This is no', a fUm conclusion, 
however, sinoe tr _• literature r AX a for ccnartercial 
material and liv 'alidity o(^ he, comparison is question-
able. 

3. H. E. McCoy, MS* ftogrem btmutiw. Progr. Rep. Feb. 
29 1972. ORNL4782, pp. 1>6-41. 

4. E. E. Bloom, In-Retctor and tostrr*dmtkm Cnep-Rup-
ttin Properties of Typ** 304 Stainles Steel <st 65(f€. ORKL-
TM-2130'flfi A 1968). 



70 

16.4 THE SOTUERHAL DIFFUSION 
OF • 2 7Te TRACER i* KASTtLLOY N.i 

AND TYPE 3#4L STAINLESS STEEL SPECBIENS 

P. T. Carlson LCManley 
H. E McCoy R. A. Padgett 
B. McNabb 

The evidence cited in the pfeceding sections strongly 
indicates that tellurium is the cause of ntefgranidar 
cracking in Hastefloy N and that the depth of embrittle-
meai is dependent upon the diffusion rate of tellurium 
into the metaL partk^hrly along the gram boundaries. 
Similar cracking has been produced hi Ni-200 by 
exposure to tellurium, but type 304L stainless steel has 
fesistee embrittlenvnt. One possmte explanation of the 
dif&feeces among aloys could be the Te diffusion rate. 
To test this hypothesis, we hr *e measured the diffusion 
rates of tentorium in Hastefiov N, Ni-200. and type 
304L stainless sted at 650 and 760°C. Generaly, the 
experiment consisted in electroplating 1 3 Y T e on the 
flat surfaces of samples of each material, annealing the 
samples for various lengths of time to obtain penetra
tion, removing successive layers from each sample by 
abrasion, measuring the ' 3 7Te activity of the removed 
material, \'string the penetration profiles, and anah/ti-
cahy detennuung the volume and grain boundary 
diffusion coefficients. In some cases the annealing 
conditions did not give sufficient penetration to c-eter-
rnine these coefficients very accurately. 

The specimens were 1 -«n.4oGg right circular cylinders. 
One-half of each specimen was % in. in diameter, and 
the remainder was % in. in diameter. The circilar face 
of the % Hin.-diam end of the cylinder was plated with 
the radioactive tracer and was the surface from which 
diffuses® cccanzd. The samples were sealed in quartz 
under vacuum and heated slowly to the diffusion anneal 
temperature. One set was armealtd for 1000 hr, another 
for 3000 hr, and a third set of samples is stffl being 
annealed, with a target tone of 10,000 hr. After being 
annealed, samples were broken out of the quartz and 
dtemtzmwrSed sufficiently to be sectioned. Prior to 
sectioning, the diamete: of tbe %4a. end was reduced 
to % m. to e-lirfiinafe the effects of surface diffusion. 

Sectioning was accor.ipBshed by hand grinding the 
specimens on siBcon carbide metaSographic papers. 
Sjji-fazadred-gnt papers were u%?d to obtain thin sec
tions and 32&-gr»! papers to obtain coarse sections. 
Straight-lice strokes were used on a r.urked area of 
the silicon carbide paper with the specimen rotated 
90° after each five strokes to provide visual indication 
"Jtitt the sectioning was proceeding parallel to the 
original surface. After each section was 

specimen was cleaned -tin tissue dampened ^ih 
acetone. The cleansing tissue togethet with the marhed 
area ot the metiBographic paper were then enclosed in 
a packet for gamma counting. Section thicknesses were 
cakub'^j from the mearared weight difference of the 
specimen before -n* after the grinding of each section 
and the known cross-sectional area and density of the 
material. The activity of ' 2 7 T e in each section was 
determined by gamma counting using a scintillation 
spectrometer with a multichannel pube-height analyzer 
and a 3 X 3 in. NaJ(Tl) scintillation crystal enclosed in 
a lead shield. 

The volume diffuson coefRdests £ T were obtaaieu 
from the first linear portion of each plot of In A vsjr1, 
using the standard thm-fflm solution5 to Fick's second 
law for diffuson. (A is the activity szd is proportional 
to the Te concentration, asi x :? the dtstabce from the 
surface.) The product of the grain boundary width 6 
and the grain boundrary diffusion coefficient Dgh was 
determined from the second linear portiou of each plot 
of m c vsjr*'s using a form of Whipple's*'7 solution for 
gram boundary diffusion. The appropriate relation is 

/d!ncY5'3/«>Y'2 

3 tec I s ' * 
in 

where 

fi •6H Vrv 
(2) 

and 

n=xfy/Dj (3) 

The volume anc grain boundary diffusion .oeffkients 
are presented in Table 10.2 together with the appro
priate diffusion uiftcil information, (si addition, the last 
two columns give the depth to which the volume 
diffusion region was seen tn extend (Harrison's8 type 
A region) and the maximum detectable penetration of 
tftetre-*' 

taken, the 

5. Paul C. Shewmoa, Dtffumm m Sotkh, NcGnw-H£. New 
York, 1963. 

6. R. T. P. Whippie.MIL Jfe* 45,1225 (1954). 
7. A. D. UCkire, Brit. J AppL Phyt 14.351 (1963). 
ft. L GHv.-vm. Trunx fsndiy So< 57,1191(1961). 

http://Whippie.MIL
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TaMelOJ . Diffwaonofl *•"-***>*** n t aflovs 

Sample 
number Am>> 

A meal 
time 
ihr) 

As*eal 
temperature 

f ° 0 ! cm 2 -seO lent3/sec) 

Extent of 
vofame rep «o 

rVnttratKMi 
(Ml 

32* Ni-200 3000 650 4.52 x 1 0 " 1 3 9.92 x 10 ' * 20 210 
34 Ni200 3000 760 1.1! x I 0 " ! 2 5.80 x 10 , $ 48 220 
37* Type 304L stainless steel 1000 650 S.6'x 10" '* 9.70 x 10" ' 5 2 32 
40 Type 3041 stainless Meel 3000 650 1.23x I 0 " 1 5 1.0 x 10"'* 5 18 
42 Type 304L stainless steel 3000 760 2.68 x 1 0 " ' $ 8.03 x 10" ' 7 6 36 

2* HasteftnyN 1400 650 • 1 2 x »0~ 1 4 8.81 x 1 0 " ' 7 7 37 
3 HastHloyN 1000 760 1.06 x I 0 ~ 1 4 4.61 x 10"'* 8 68 
y 'iasicBoy pi 3000 650 2.11 x 10" : * 8.42 x I C " 3 28 

10 rlasteftoy N 3000 76C 1.01 x I 0 ~ 1 4 1.18 x 10"'* 6 44 

*No confidence m Dr value became of nregnnvity m specnuen srrface. 

*Time ;td temperature of anneal insufficient to yacfcf accurate vctuaae diffi coefficients with Method used. 

Harrison's types A. B. and f. regions were observed in 
nearly all th? samples examined, and the volume 
diffusion coefficients />T and the grain boundary values 
6 D f b were determined from regions A and C respec
tively It should be noted that the annealing times at 
the chosen temperatures were too brief to alow 
accurate determination of volume diffusion coefficients 
by the serial grinding sectioning method used. As can be 
seen in Table 10.2. the volume Jiffesion region hi all 
cases except those for Ni-200 specimens extended to 
less than 19 >m. The newly developed rf sputtering 
technique, *hich is designed for removal of predse. 
ultra-thin layers, could not be employed on these 
specimens due to dieir size atd geometry. With speci
mens of proper size sectioned by sputtering, it should 
be possible to obtain more reliable volume diffusion 
coefficients within the anneal times and temperatures 
used in this study. 

Some specimens were found to have an oxide layer 
and scratches on >he surface. It is not known whether 
these conditions e u»ted piior to the diffusion anneal or 
whether they occurred as a re*>ult of handling after the 
anneal. If they were present prior to the anneal, the 
volume diffusion process and the calculated Dv values 
couM be seriously affected. One specanen (No. 32) had 
a concave surface, which resulted in the first six 
sections being incomplete. Naturaly. a rrannraun degree 
of confidence siouM be placed in the Dw values 
obtained from this temple. Furthermore, the 6D g f c 

values reported in Table 10.2 share the same degree of 
accuracy, since they have been calculated from the D¥ 

values (see Eqs.( I) to(3)| 

The data in Table 10.? shonr dearly that te&uium 
diffuses into NV200 most rapidly, mto HasteUoy N less 
rapidly, and into type 304L stainless steel least rapidly. 
The shalow penetration of tellurium into stainless s*eH 
may account for this material being resistant to 

103 TUBE-MflOTEXKFJMEim 

H. =. McCoy J.WChumk-y E. J. Lawrence 

The influence of stress on the rate of crick propaga
tion in structural materials in the presence of tellurium 
is a matter of concern in reactor design. One type of 
test berig used to study this effect is tube-burst tests in 
which specimens electroplated with 5 X I 0 1 7 atoms/ 
cm2 of teJhirium are compared with ur.plated speci
mens. Some we *s«2?rsed in $?h while being stressed; 
others <ee stressed in helium. The tests were al run at 
650*C. and die salt composition was LiF-BeF2-ZrF4-
UF,. (65.4-29.1-5.04.5 mob %). 

Results for Hastdloy N described previously* dsowed 
that tubes plated with tellurium faied mot* quickly 
than those without tellurium. Metalograpmc examina
tion showed that numerous ip*ergranv̂ ar cracks formed 
that penetrated about hatfway through die 0.020-«. 
tub* waO. Recent postt^ dimensionai measurements 
have ihown dial die uniform diametral strains were 
reduced by the presence of tefluribn (Fig. 19.7). Thus, 

9. H. E. McCoy and J. W. Roger, MVR Arnjwi 
fro*. R>-p. Feb. 7\ 1972. ORr L-4782. pp. 126-28 
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stress does accelerate th e rate of crack propagation in 
Hastelloy N with resultant reductions in rupture life 
and strain. 

Several tube-burst tests have been run on type 304L 
stainless steel to determine whether tellurium has a 
deleterious effect on crack propagation in stressed 
specimens of this material. Three groups of four tubes 
each were run under the conditions of (1) tellurium-
plated and stressed in a helium environment. (2) 
tellurium-plated and tested in a salt environment, and 
(3) not plated and tested in a salt environment. 

The stress-ruDture DroDcrties of the tvne 3Q4L stain-
less steel samples are shown in Fig. 10.8. Then* is no 
detectable effect of test environment on this property. 
The uniform strains were divided by the rupture time to 
obuin ai. apparent minimum creep rate. As shown in 

12 r 

Fig. 10.9, this parameter also did not appear t> bo 
influenced by the rest environment It should be noted, 
however, thst tht uniform strain determinations on 
these specimens involve considerable uncertainty be
cause of the large deformations that occurred. Often 
tube samples will uniformly deform to some diameter 
before some region becomes unstabk and fr»ctuics. 'n 
this case most of the mbe will have a uniform diameter, 
with only a small region wear the fracture having a 
larger diameter. In other cases the strain may occur 
nonuniformly with the tube having several enlarged 
regions so that the uniform strain is difficult to define. 
Tyoe 304L stainless steel has the latter type of 
behavior; hence the creep rate values in Fig. 10.9 and 
the uniform strain values in Fig. 10.10 are not very 
accurate. 
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Tiie maximum diametral strains for the type 304L 
stainless steel specimens are shown in Fig. 10.11. The 
tubes tested in helium had significantly lower maximum 
fracture strains than the tubes tested in salt. It appears 
that there may also be a significant difference between 
the tubes plated with tellurium and those not plated, 
but the data are too limited to support this as a firm 
conclusion. 

Sections of each tube were examined metallographi-
cahy. A photomicrograph of a tellurium-plated sample 
tested in helium is shown in Fig. 10.12. Although 
numerous intergranular cracks formed in this sample, 
there were not as many as in the sample shown in Fig. 
10.13 that was tested in salt without tellurium present 
This implies tliat some factor other than Te may have 
jeen responsible for the cracks in the sample tested in 
helium. Sor.ie oxidation obvious!)' occurred on the 
surfaces •>( tht& sample due to impurities in the helium 
(Fig. 10 \2). All of the samples tested in salt ex
perienced considerable corrosion, resulting in the for
mation of inti.'rgrar.ular voids that linked together to form 

cracks. The amount of cracking was equivalent in 
:ampies not plated wi»h tellurium (Fig. 10.13) and 
those that were plated (Fig. 10.14) 

The foregoing observations lead us to conclude that 
tellurium does not accelerate intergranular cracking in 
type 304L stain!ess steel. There was considerable 
corrosion in thi salt that may have been worsened by 
the presence of impurities. 

Tests are a*:o in progress on tellurium-plated speci-
,i ns of Inconel 600 (Ni-15% Cr-7% Fe) and Incoloy 
81 IE (Fe-30% Ni-21% Cr -2% Ai). The stress-rupture 
properties of these materials along with those of type 
1MML stainless steel and Hasteuoy N are shown in Fig. 
10.15. There does not seem to be any progressive 
deterioration of the properties of Inconel 600 and 
Incoloy 81 IE with increasing rupture time (as seems to 
be the case for Hastelloy N), but the effects of 
tellurium on these materials cannot be fully assessed 
until the tests are completed and the samples examined 
metallographically. 

Fig. MM 2. Photomicrograph of a section of type 304L stainless steel tube electroplated with 0.1 mg/cm2 of tellurium and 
at 12,909 ru and 650°C in heiiam. Discontinued after 1570 8 hr with 6.8% uniform strain. The outside diameter of the tube 

it on top of the pbctimicrograph As poiished. 
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Fig. 10.13. PftotowCTOgraph of a section of type 304L stainless steel *abe stressed at l2^000paawl650 oC iiaalt. Failed after 
1663.9 hr with 2.1% uniform strain. The outside diameter of the tube is on top of the photomicrograph. As polished 

Fig. 10.14. Photomicrograph ot a section of type 304L stainless steel tube electroplated with 0.1 mg/cm of tdhirium and 
stressed at 12,000 psi and 650°C in salt. Failed after 1415.6 hr with 8.2% uniform strain. The outside diameter of the tube is on top 
of the phot micrograph. As polished. 
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!0.6 STRAIN CYCLE EXPERIMENTS 

H. E. McCoy K. W. Boiing J. C. Feltner 

Heat exchangers normally involve two fluids at 
different temperatures, tnu transients in operation can 
lead to large thermal stresses an*! strains. These severe 
operating conditions and the relatively thin-walled 
tubes involved make the primary heat exchanger of a 
molten-salt reactor particularly Inscsptftfr to failure 
from the intergranukr penetrafion of fission products. 
The design criterion for the reference MSBtf. hea; 
exchanger is a strain range of 0 3 % for 10* cycles.1 ° We 
have initiated a program to determine the properties of 
materials under cyclic strain conditions in a salt 
environment with tellurium present. 

Sufficient work was done previously to show tiiat the 
ability of a material to withstand thermal strains can be 
approached experimentally in terms of either mechani
cal or thermal strain cycling. Both types of test data can 
be expressed in terms of a total strain range consisting 
of elastic and plastic components and the number of 
cycles required to cause failure under these test 
conditions. Becaus* of relative experimental simplicity, 
we have chosen the mechanical strain cycling approach. 

Th- mechanical strain cycling equipment that we have 
designed and fabricated is shown in Fig. 10.16. The test 
sample is tabular with a diameter of about 1 in. and a 
gage section 1 in. long with a 0.030-in-thick wall. The 
top of the sample is welded to a tubular support, and 
the bottom is welded to » rod that passes up through 

10. Private communication, C. W. Collin*. ORNL. 

the test sample and the tubular support to the piston. 
The fo<xe for cycling is generated by alternately 
pressurizing the two sides of the piston, and the 
magnitude of the force is controlled by the air pressure 
and measured by the load cell. The strain is measured 
by extension rods that are attached io the sample just 
outside the gage section. There are four extension rods 
on the extensomt ter;a pair from the top and bottom of 
the sample is used to measure strain in the compressive 
direction, and the other pair is used for measurements 
in the t-nsile direction. Small imcroswitches and adjust
able rmcromr ters we attached to these rods to limit the 
strain in a g.ve.1 direction. A control circuit is used to 
obtain the desii*.d cyclic action. The top of the piston is 
pressurized, and the sample strains in tension until the 
lis,tit switch is ch«ed> The pressure is then bled off the 
top of the p isoi and the bottom pressurized. The 
pressure is sustained until the sample strains the desired 
amrtint in compression. The pressure is then bled off 
the bottom side of the piston and the fop pressurized to 
begin a new cycle. 

The sample can be plated with tellurium after it is 
welded in place but before it is assembled into the test 
apparatus. The lower test chamber is sealed so that it 
can be filled with salt and a helium cover gas main
tained. The inside of the sample is pressurized with 
about 10 (.«€, of helium to detect propagation of the 
first crack through the sample wall. 

Although this test concept is not new, we have made 
several changes and improvements. The inithi tests were 
accompanied by numerous experimental difficulties, 
which included a poorly functioning pressure valve, 
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solenoid va'ves that leaked, movement of the exten-
someter on ihe specimen, self-welding of the exten-
som?ter attachment set screws, impact loading i f the 
sample, shorting out of the level indicator, stress 
concentration due to the specimen design, and changes 
in ambient temperature. All of these problems have 
been dealt with adequately except the changes in 
ambient temperature and the specimen design. The 
total movement being controlled is only 0.0032 in., and 
very small shifts in temperature can cause the dimen
sions (o change by this amount. The specimen design 

was changed to reduce the buckling tendencies, but the 
stress concentration 3t the end of the gage section still 
caused all failures tc occur at this location. 

The test can He run in several ways. The variables that 
can be controlled are time (or cyde frequency), stress, 
and strain. Thus, the stress and cycle frequency couM 
be fixed and the resultant straf" and the number of 
cycles to failure measure .̂ !f die samp!* strain hard
ened, the strain would become progressively tess. If the 
strength were different in tension and compression, the 
sample would become progressively longer or shorter. 
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Another test would be to fix the strain hmrts and the 
frequeacy. This would require that the pressure (or 
stress) be adjusted progressively to account for changes 
in the catena! properties. A th'rd mode, and the one 
that we plan to use, is io fix th<- stress and strain IB IKU 

ind let the frequency vary. This requires that the stress 
level and the strain limits be chosen so that a reasonable 
c -f- frequency (a few nf mites 10 a few hours) results. 

The tests run to date are summarized in Table 10.3. 
The test results have become more reliable as we hav» 

TaM; 10.3. Swwiiy of strain cyde tests at 700*C on wmal aioys 

Test ^ ^ ^ Material Condition Test conditions 
Cydes 

to 
failure 

lv,j Hasteloy N 

101 HwtetoyN 

104 Hastdtoy N 

\f.l M steSoy N 
20> T. pe 304L stainiesf steel 
20* Type 304L stainless sled 
301 Incoad600 

No tdhutum 

No teBurium 

No rtQunum 
Tdhiriiund mf/an*) 
NoteBurnnr 
TeUunamd tag/cm2) 
Tellurium (1 mg/cir2) 

Fixed frequency of 
1 hr/cj Je, 35.100 pa 

Fixed frequency of 
1 hr/cyde, 38.700 psi 

Strain range of 0.32% 
Strain range of 0.32% 
Strain range of 0.32% 
Strain range of 0.32% 
Fixed frequency of 

1 hr/cycv, 26,400 pn 

870 

178 

2 5* 

472 
757« 
974 
68.5 

*Test m oratress. 

Fff. 10.17. Strain ŷde specimen 101. Hastelloy N without tellurium plating that was exposed to 178 cydes at a sress level of 
38,700 psi and a frequency of 1 cycle per hour. Outside surface (at top of photomicrograph) was exposed to «!?. As polished. 
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corrected the problems mentioned previously. The 
met allographs observations are probably the most 
significant results to date. 

Three Hastelloy N samples have been examined. The 
two samples tested without tellurium plating are shown 
in Figs. 10.17 and 10.18. Only a few intergranular 
cracks wer* present near the fracture, and the intergran
ular cracking did not extend down the gage section of 
the specimen. One Hastelloy N specimen (Fig. 10.19) 
that had been plated with 1 mg/cm2 (5 X 10 ' 8 

atoms/ c m ) cf tellurium was examined. Intergranular 
cracks were foi~d along the entire gage length of the 
sample. 

Ore stainless steel sample that was plated with 
tellurium has been examined. The microstructure 
shown in Fig. 10.20 reveals some general surface attack 
with shallow intergranular penetration. It is not possible 
to conclude whether the intergranuiar cracking is 
associated with salt corrosion or the presence of the 
tellurium. One Inconel 600 sample that was plated with 
tellurium was examined (Fig. 10.21). The surface of 
this specimen had intergranular cracks along the entire 
gage length. 

10.7 IDENTIFICATION 
OF REACTION PRODUCTS 

FROM TELLURIUM-STRUCTURAL-MATERL\!-
INTERACTIONS 

R. E. Gehibach Helen Henson 

Our investigations of the problem of fission-product-
induced edge cracking of Hastelloy N are directed at 
understanding the nature of interactions between Te 
and Hastelloy N at elevated temperatures. Sine* many 
nickel-base alloys do not suffer the edge cracking 
reproduced in Hastelloy N after exposure to Te (Sect. 
10.1), it is possible that in these alloys Te may be tied 
up in a stable, relatively innocuous confound. We are 
currently identifying the reaction products which are 
formed when various structural materials are exposed to 
tellurium at elevated temperatures. The emphasis is 
being placed on Hasteiloy N of the MSRE type, 
although we are also examining various other types of 
Hastelloy N, Inconel 600, and Ni-200. Unirradiated 
specimens have been exposed to Te by electroplating, 
vapor deposition, creep testing in an argon environment 
with a partial pressure of Te, and Knudsen-cffusion-

v 

«0 

M 

Fig. 10.1 *. Strain cycle specimen 103. Hastelloy N without tellurium plating that was exposed to 870 cycles at a stress of 35.1GO 
psi and a frequency of 1 cycle per hour Outside surface (at top of photomicrograph) vas exposed to salt. As polished. 



80 

Rfc. 10.19. Stain cycle apecanea 192. HasteBoy N [tated with 1 tog/cm2 of tdhirium and exposed to 472 cycles at a strain range 
of 0.32%. Outside surface (top o»" photomicrograph) was exposed to salt. As polished. 

Fig. .0.20. Strata cycle iptcinuB 20*. Type 3G4L stainless steel that was plated with I tug/cm7 of tellurium and exposed to 974 
cycles at a strain range of 032%. Outside surface (tup of photomicrograph) was exposed to sal*. As polished. 
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F ĝ. 10JI. Straw* cycle sptciwua 301. Incond 600 plated with ! rag/cm of tellurium and exposed to 68.5 cycles at 26,400 pa 
and * frequency of 1 cycle per boor. Outside surface (top of photomicrograph) was exposed to salt. As polished. 

cell-mass-spectrometer experiments. Reaction tempera
tures are in ihe range of 400 to 750°C (primarily 650 
and 70G°C) 

The above techniques for introducing Te do provide 
for the diffusion of this element into the material along 
grain boundaries as evidenced indirectly by observed 
edge cracking and directiv by Auger spectroscopy (Sect. 
10.8). The fraction of fe which actually diffuses into 
the specimen is probably quite small, with the re
mainder reacting to form various telluride intermetailtc 
compounds on the specimen surfaces. Figure 10.22 
shows a Kasteiloy N creep specimen fractured in an 
environment of Ar plus Te at 650°C before removal 
from the specimen grip. The "fuzzy" network of 
particles and fiber on the specimen surface is tellurites 
formed during the test. The reaction products have 
been identified primarily by x-ray diffraction and 
electron probe microanalysis and are those products 
which form on exposed surface's of the metal or alloy 
rither than on grain boundaries. The x-ray-diffraction 
technique used for identification of the tellurides has 
been described previously.1' We are able to get 
excellent diffraction from 500 A of Te electroplated on 
Haste'loy N. A layer approximately 100 A thick does 

not provide a strong pattern, but the Te is detectable 
and the pattern is adequate for identification. Whenever 
possible, the telhirides are scraped from sample surfaces 
for x-ray analysis to eliminate matrix lines and to 
minimize preferred orientation and background effects. 
Tellurides removed as sheets or large pieces are ground 
to powder before analysis. 

10.7.1 Kaodsen Cefl Reactions 

Four foils of standard Hastelloy N (0-25 X 0.004 in.) 
have been reacted with Te by J. D. Redman of the 
Reactor Chemistry Division. Three of the foils were 
electropohshed prior to reaction. The fourth was 
electropolished and then oxidized about 30secat650°C 
in air, resulting in a light discoloration. Each foil, along 
with a small quantity of Te metal, was placed in a 
Hastelloy N Knudsen effusion cell coupled to a time-of-
fligh? mass spectrometer. After degassing, the foils were 
reacted at 412°C until Te vapor became undetectable. 
The first unoxidized foil was examined after the 412°C 

II. R. E. Gehlbach and S. W. Cook, MSR Program Senmntm. 
Prop. Rep. Feb. 29. 1972, ORNL4782, pp. 173-74. 
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Ffe. 1932. Typical appeaajK* of mckei H*estvyt oa a fnctmnd Hastefte? N qsecineN xpoaed to teftmoia daiMg a 650*C 
creep seat. The sample is still in the specimen grip. 

reaction. The second and third foils were reacted at 
4113C and heated to 650 and 750°C for 96 and 725 hr, 
respectively, the times required for effusion to cease. 
The oxidized specimen was heated to 650°C for about 
7hr. 

Each foil was removed from the ceil after its run with 
its reaction products intact. With the exception of the 
foil held at 750°C, thick black reaction layers formed 
on both the Hastelloy N foil and cell surfaces. The 
outer reaction layers were removed from the foils with 
tweezers or by light scraping and usually flaked off as 
sheets. The Knudsew cell reaction products were 
scraped from the surface after each run and kept 
separate from the foil products. The foil exposed at 
750°C did not have a visible reaction product on the 
surface, instead, the foil appeared "pimply" and sagged 
under its own weight in the effusion cell. In addition, 
fairly tight bonding occurred between the comers of 
the foil and the cell. Reaction products were removed 
from the cell after the 750°C exposure. Pieces of each 
foil were mounted for metallographic examination and 
electron probe microanalysis. Although the outer reac
tion layers had previously been removed, the surfaces 
remained dark, indicating that an idherent product still 
remained. 

10.7.2 Powble Tellurides in Hartcfloy N 

Based on the composition <>f Hastelloy N we might 
expect telhirides of nickel, chromium, molybdenum, 
iron, and possibly combinations of these. The binary 
tellurides of thest systems are listed in the ASTM 
Powder Diffraction File. An extensive study of the 
nickel-tellurium system was made by Barsiad et at., 1 2 

who identified beta, gamma, and delta nickel tellurides. 
The beta field extends from Ni 3Te 2 (NiTe0.6 7) to 
NiTe0.7o- Within this field, three crystallograpoic struc
tures are observed due to slight variations in cell 
parameters with composition. At Ni 3Te 2, a monoclinic 
structure is observed with die angle 0 = 91.22°. With 
increasing Te concentration, 0 becomes 90° to give an 
orthorhombic structure at NiTe0 6 9 . At the composi
tion NiTe 0 . 7 0 (very slowly cooled) the continuing 
changes in the a and b parameters result in a tetragonal 
structure. The gamma phase is located at NiTe0.77 and 
is orthorhombic. The delta phase is hexagonal with an 
extensive homogeneity range between Nile, and ap
proximately NiTe. The c and a parameter; and c/a 

12. J. Barstad et al., "On the Tellurides of Nickel," Acta 
Chem. Scand. 20(10), 2865-79 (19bf). 
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ratios vary nonbnearly with composition across the 
homogeneity range. 

Two chromium tellurides are reported in the ASTM 
Powder Diffraction File. a-CrTe is hexagonal with an 
approximate homogmeity range of 3. to 54% f* A 
monoclmk: modification at slightly higher Te concen
trations is designated flCrTe. Only one moiybdenum 
teHuride, hexagonal MoTe2. has been identified. Several 
iron telhirides ire reported in the ASTM dao, none of 
which have bem observed in any of our studies We 
have not found any reported ternary tellurides. 

Positive identification of many of the reported 
tellurides is difficult from x-ray data alone because 
many have virtually identical interplanar spacsngs. 
Monochnic distortions can generaly be observed from 
x-ray-diffraction peak spotting. Many of our diffraction 
patterns have hnes of various intensities which cannot 
be accounted for by reported telurides, possibly 
resulting from ternary phases. Thus, information on the 
chemical composition of each phase is a useful supple
ment to the x-ray daia in phase identification. 

1C7J Teltarides from lUndsenCefl Reactions 

We identified NiTe2 as the major phase formed by the 
reaction of Hastelloy N with tellurium at 412°C in the 
Knudsen cell. The foil reacted at 412°C and subse
quently held at 650°C for 96 hr contained NiTc0 6 9 

and an additional strong phase which is probably a 
high-parameter monoclinic 0-CrTe intermetallrc. The 
interplanar spacings appear to be closer to the hexag
onal o-CrTe, but several diffraction pe»k* -srere split, 
suggesting the monocUnic distortion. No NiTe2 was 
detected at 650°C. As previously mentioned, the fofl 
exposed at 750°C for 725 hr did not havt a removable 
reaction product. An x ray-diffraction pattern from the 
surface of the slightly bent foil was poor, but weak lines 
were indexable as Ni 3Te 2 and CrTe in addition to 
strong Hastelloy N diffraction peaks. However, the 
reaction product removed from the Hastelloy N effu
sion cell alter the 750°C exposure did provide a good 
x-ray-diffraction pattern. 0-OTe and Hastelloy N were 
present in this reaction product, but rxkel tellurides 
were not detectable. The Hastelloy N-type lines prob
ably resulted from decomposition ;rf the nickel and 
(possibly) mixed teilurides originally formed at 412°C 
rather thin from the original alloy. 

Met&lloeraphic examination of these foils expectedly 
revealed . action layers along the surfaces of the foils 
reacted at 412 and 650°C. Electron microprobe analysis 
showed the reaction layer on the 650°C foil to consist 
of Ni. Mo, and Te with less than 1%Cr. There were no 

detectable concentration gradients of Ni, Me. Cr, or Fe 
at the edye of the foil itself. 

The foil exposed at 750°C after the 412°C reaction 
w*s markedly different from those exposed at the lower 
temperature* figure 1023 shows the micrastnictitre of 
this extensively eacted foil with strialed parities afong 
the edges. The outer surface was mostly coated with 
material wbkh looked metalographicaly similar to the 
HasteUcy N matrix. Electron micToprobe analysis 
showed the particles to be nickel and cbjoanuni 
teflurides Figure 1024 shows the elemental distribu
tion of Te, Fe, Cr, Mo, and Ni in the particles and 
surrounding matrix of Hastefloy N. The striated por
tions of the particles are basicaffy chrororam tcBuiidV 
within nickel teluride. (The striated structure is not 
vribk in the backscattered election image of Fig. 
1024; see instead F«. 1023.) Ffcure 1025 is a 
tower-magnification elemental distribution of a cross 
section of the foil aci teilurides. Mosi of the iron and 
molybdenum were concentrated in the "fofl area.** 
However, huge conceptratioe gradients were observed 
in die HasteUoy N-type material surrounding many 
particles (Fig. 1026). The center of the fofl (area ,4) is 
essentially HasteUoy N. The materia: at the edge of the 
remaining foil (area B) is enriched in Mo and depleted 
in Cr. The material around the teOuride particles (area 
G) is enriched in Fe ant* depleted in Cr. The teihirides 
range from binary (Ni, area E) through ternary (Ni-Cr, 
areas D, F, H, and J) to essenf;afly binary (Cr, area C) 
teilurides with up to 2% Mo and/or Fe. (The / teUuride 
is not shown in Fig. 1026.) Beam overlap from the 
striated tellurides may indicate more alloying than 
actually occurred. The M«C carbides in the foil (area/) 
remained seemingly unaffected by the reccticn with 
Te. The reactions of this foil resulted under extremely 
severe conditions, but they indicate the complexity of 
the reactions which may occur between Hastelloy N 
and tellurium. 

10.7.4 Tellurides from Other Reaction Methods 

IWdioy N. We removed reaction products from 
several specinens of H«ie!!oy N expose.1. !c telhirium 
vapor during creep tests at elevated temperatures. 
Particles scraper, from a sample exposed for 1500 hr at 
593CC gave a very complex x-ray djffraction pattern. 
The major phase was NiTeu 6 « , but NrTe0.?7 and/or 
CrTe and possibly NiTe were present. Specimens 
exposed at 650°C were found to fonn either N i T e C 4 f 

or Ni 3 Te 2 , depending on the •.articular sample. Addi
tional diffrttion lines were obtained from some 
samples that havf no* been identified. 
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Ffc. 1<U3. Optical aauofiaa* of Hartritor N foil expowd to i 
Note striated tellurites along the foi, which has undergone severe reaction. 

at AlTC a»d heated to IStfC m Kmdsea erYasiM cdL 

One of the creep specimens tested at 650°C was 
examined by optical metallography and electron probe 
microanalysis. The specimen had a reaction layer along 
the edges which appeared similar to oxidation, with 
preferential grain boundary attack. Some oxidation 
may have occurred due to the impurity of the test 
environment. This layer contained 30% Mo, 17% Te, 
12% Cr, 4.8% Fe, and only 2.4% Ni (wt %). Presumably 
this reaction layer is an oxide, but we have not 
identified it structurally. Metallic particles adhering to 
the specimen contained approximately 40% Ni, 62% Te, 
and 0.8% Fe. No Mo or Cr was detected. 

A 0.010-in.Uuck sheet of standard Hastelloy N, 
exposed to tellurium vapor for 100 hr at 700°C by J. H. 
Shaffer of the Reactor Chemistry Division for Auger 
spectroscopy (Sect. 10.8), formed Ni 3Te 2 and CrTe 
phn several unidentified Sines. Employing the ume Te 
exposure technique we observed Ni 3Te 3 on a low-sili
con vacuum-melted heat of Hastelloy N (heat 59! 1) 
and on a 2% Cr modification of Hastelloy N (heat 114). 
In addition, CrTe was present on the specimen of heat 
5911. 

We have also examined the surface of a strain cycle 
specimen that had been electroplated with 1 mg/cm2 of 
Te and tested in salt at 650°L\ The only telluride 
identified was Ni 3Te 2 . We will be removing this thin 
layer electrolytically to extend our investigation. 

Nickd 200. One specimen of Ni 200 exposed . , 
tellurium vapor at 650°C during a creep test exhibited 
only slight discoloration of the surface. X-ray-diffrac
tion patterns from the darkened surface itself as well as 
from the reaction film electrolytically stripped from the 
surface were indexed as Ni 3Te 2 . Transmission electron 
microscopy of this film revealed large particles of nickel 
telluridc on a thin film covered with numerous small 
thin platelets. A second specimen also exposed during a 
creep lest exhibited a large amount of reaction product. 
The x-ray pattern from this material is best indexed as a 
mixture of NiTe 0 , 6 9 , NfTe, and NiTe2 with several 
additional unidentified lines. 

A thin sheet of Ni 200 exposed by vapor deposition 
at 700°C for Auger spectroscopy was observed to 
contain Ni 3Te 2 (plus several unidentified lines). 



85 

Y-H5850 

BACKSCATTERED ELECTRONS Tel/3 FeKa 

CrKa 

Fig. 10.24. Electro* beam 
telli ndes are surrounded by an iron-rich 

MoLa NiKa 

mages showing elemental distribution in striated teUnrides. The ni.kel-and chromium-rich 
*H«;-lloy N" matrix. Same specimen as Fig. 10.23. 

Incond 600. Particles scraoed from specimens of 
Inconei 600 creep tested at 650°C were identified as 
Ni3Te* for one specimen and NiTe 0. 69, CrTe, and 
possibly NiTe for a second. These particles made up 
what appeared visually to be an outer layer. Increased 
emphasis will be placed on evaluation and analysis of 
telluride formation in this system. 

Molybdenum. Our only observation of the MoTe2 

intermetallic made a date is from ihe residue in an Mo 
capsule used to arid Te to a salt vessel. The exposure 
was for 24 hr at 650°C. 

10.7.5 Summary 
Our observations of tcllurides formed on Hastelloy N, 

Ni 200, and Inconei 600 in the temperature range 600 
to 700°C indicate that the stable and most prevalent 
phase is the 0-Ni3Te2. The/3-NiTe0.6 9 is characteristic-
ally observed when an excess of Te is present during the 
reaction. The richer NiTe3 which forms at 412°C is 

unstable and transforms to the beta tellurides whe.i the 
temperature is raised. Chromium telluride, CrTe, is 
observed to form on both Hastelloy N and Inconei 60G 
Electron microprobe analysis of tellurides formed Ju 
750°C suggests that alloying of the compounds may 
occur. 

Although Ni 3Te 2 appea.s to be the most stable nickel 
telluride in the 600 to 700°C temperature range, the 
presence of CrTe and "Hastelloy N" as the Knudsen cell 
reaction products after the 750°C exposure indicates 
that CrTe is much more stable than Ni 3Te 2 . The 
Hastelloy N lines observed probably result from de
composition of tellurides which formed during the 
original reaction at 412°C. Strong evidence for this 
an*» from (I) the relative absence ot nickel tellurides 
(the nickel i*H»irides observed in the 750°C foil are 
often surrounded by the iron-rich "Hastelloy N"), (2) 
the extensive chromium depletion and large composi
tional variations observed by microprobe analysis, and 
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8ACKSCATTERE0 ELECTRONS TeLp FeKa 

CrKa MoLa NiKa 

Fig. 10.25. Electron beam scanning images showing elemental distribution across Hastelloy N foil reacted at 750°C. Sara 
specimen as Fig. 10.23 with a lower magnification. 

(b) the fact that the foil was essentia'ly sintered to the 
Kni'dr-i cell after the 750°C exposure. 

The effect of molybdenum is not clear at this time. 
We have not observed tA )Te2 in reaction products from 
Hastelloy N, even though Mo is present in larger 
o/jsntities than Cr. The high Mo observed wit! the 
electron microprobe in the reaction layers on the 
Knudsen cell foils i$ unexplained, unless ic is present as 
a telluride which has not been previously identified. 

The emphasis of our work will be shifted toward 
microanalysis to investigate more thoroughly the beha
vior of chromium tellurides, alloying of tellurides, and 
the role of molybdenum Reaction products which we 
have examined by x-ray diffraction will be studied by 
energy-dispersive x-ray analysis using the electron 
microprobe and scanning electron microscope. We will 
also study alloys which do not exhibit edge cracking 
(both stainless steel and other nickel-base alloys), those 
which are borderline (Inconel 600), and compare these 

results with those from HasteUoy N and other alloys 
which are embrittled. A major effort will also be 
expended on a new series of small modified Hastelloy N 
alloys with higher chromium concentrations and small 
lanthanum and cerium additions in an attempt to tie up 
teliurium or otherwise prevent its embrittlement of 
Ha telloy N. 

10.8 AUGER ELECTRON SPECTROSCOPY 
OF INTERGRANULAR FRACTURE SURFACES 

OF NICKEL AND HASTELLOY N EXPOSED 
TO TELLURIUM VAPOR AT 700°C 

R. E. Clausing D. S. Easton R. E. Geh.'bach 

Auger electron spectrcm.try combined with sputter 
thinning and in situ sample preparation provides a 
powerful technique for studying the role of tellurium or 
other fission products in producing intergranular frac
ture or cracking. We have exposed several samples of 

* ^ W r t f r M * ( ^ * ( l n . v M f t i , » i - ^ > ^ j . 
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Fig. 10.26. Quantitative electron jnicroprobe analysis of various areas in Hastelloy N foil reacted at 750°C. 

type 304 stainless steel, nickel, and Hastelloy N to 
tellurium at high temperature to cauw them to be 
embrittled. These were then fractured in vacuum, and 
the intergranular surface thus exposed was examined 
immediately by Auger electron spectroscopy. The 
eleinental composition of the first few atomic layers 
was determined and the sample sp lttered to remove a 
few atomic layers and expose a new surface for analysis. 
Thui the composition of the original fracture surface 
could be determined and information obtained regard
ing the concentration gradients near the exposed grain 
boundary. Information was obtained with depth resolu
tion of one or a few atomic layers depending on the 
depth below the original surface. 

10.8.1 Method 

We previously described ? form of Auger electron 
spectroscopy used for analysis of fission product 
deposition on graphite in the MSRE coie region.' 3 The 
present techniques are much improved; although the 
basic physical processes remain the same, the detection 

am analysis of Auger electrons from the sample is i:ow 
by means of a high-resolution double-pass cylindrical 
mirror analyzer.1 4 Auxiliary equipment permits the 
fracture of samp^s in Ultrahigh vacuum and has 
provision for sputtering away a few atomic layers at a 
time using 1000-eV argon ions. 

The samples of type 304 stainless steel, nickel, and 
Hastelicy N were in the form of miniature sheet meal 
tensile specimens 0.010 in. thick. They were cleaned 
and sealed in evacuated quartz capsule? with a small 
amount of tellurium. The capsui^s were then heated to 
700°C for 100 hr to expose the samples to tellurium 
vapor. To avoid unnecessary contamination the samples 
were kept in the quartz capsules until immediately 
before testing. Samples for analysis were obtained by 
breaking them from the original tensile sample by 
repetitive bending. These pieces of Q.OKMn.-thick foil 

13. R. E. Clausing, MSR Program Setmermu. Progr. Rep. Feb. 
28,1971, ORNL-4676, ap. 143-47. 

14. Physical Electronics Industries, inc., model 15-25G,High 
Resolution Cylindrical Auger Electron Optic*. 
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were examined by optical and by scanning electron 
microscopy to determine that the fracture indeed did 
produce intergranular surfaces. They were then 
mounted so they could be fractured again under 
vacuum. One of the Hastelloy N pieces was abraded to 
remove surface tellurium compounds and then coated 
with titanium prior to being placed in tne vacuum 
system for fracture and analysis. All samples were 
fractured under vacuum and spectra obtained from the 
fractured surface within a few minutes. 

Spectra were obtained using the smallest-diameter 
electron beam available, which varied from about 0.015 
in. FWHM (full width at half the maximum, intensity) 
for some of the initial dats to kss than 0.003 in. FWHM 
for some of the latest data. Electron currents of 1 or 2 
uA at 2.5 or 5 keV were used. To enhance the 
detectabiiity of the Auger electrons, the pass eaergy of 
die spectrometer was modulated by a 2-eV peak-to-
peak ac potential at 1.97 kHz, and a lock-in amplifier 
w*« used to detect the ac component in the electron 
current through the spectrometer. The arrangement 
provides an output signal proportional to dN/dE (ref. 
13), where AT is the number of electrons in a given 
energy interval and S is the electron energy. 

The data are obtained as an JC-V plot of < IN/dE vs£. It 
has been shown 1 5 that the amplitude of dN/dE is 
directly related to the intensity of the Auger signal. The 
signal is thus also proportional to the concentration of 
the element producing the characteristic Auger elec
trons. Standards must be used to convert signal intensi
ties to concentration if accurate quantitative results are 
required, but approximate compositions can be deter
mined by comparison with published data. 

We have examined one Ni 200 specimen and two 
Hastelloy N specimens. Although the examination of 
the secodd Hastelloy N sample is not yet complete, the 
major results are clear. 

10.8.2 NUbd 

The fracture surface of the nxkel specimen was about 
50% intergranular in a zone about 0.0025 in. thick just 
below the original surface of the 0.010-in.-thick speci
men, while the center 0.005-in. zone remained rela
tively ductile and failed transgranularry. Unfortunately 
the electron beam diameter was too large to permit 
analysis of the 0.0025-in. zone without including 
material from the ductile region. It is estimated by 
comparison with computer-generated spectra that the 

15. P. W. Ptlmbeig and T. N. Rhodin, / Appi. Phyt. 39, 
2425 (1963). 

cuicentration of Te on the fracture surface may be 20 
to 30 at. %. Sputtering away the origujl surface to an 
estimated depth of 100 atomic layers removed tellu
rium to below the limit of detectabiiity (estimated to 
be about 1 at. % under these conditions). Figure 10.27 
shows the tellurium signal strength as a function of 
sputtering time. The sputter etching removed about two 
atomic layers per minute. This sputtering rate is based 
on a plane perpendicular to the sputter beam. Since 
rough surfaces will sputter unevenly and some sputtered 
material may be redeposited on other parts of the 
fracture .egion, sputtering of rough samples may 
proceed at a slightly slower rate, and the depths 
calculated should be considered to be slightly too great. 

The results on the nickel sample show a very high 
tellurium coocemration at the surface of the brittle 
fracture (along the grain boundaries) that drops off 
rapidly as the original '.racture surface is sputtered 
away. The tellurium is thus highly concentrated in the 
original grain boundary. This could result either because 
of an affinity of tellurium for the grain boundary or 
because the diffusion of tellurium along grain bound
aries was much faster than through the bulk. 

10.83 HasteHoyN 

The fracture surface of a Hastelloy N sample is shown 
in the scanning electron micrograph of Fig. 10.28. Note 
the intergrinular fracture in the zone near the original 
surface and the cracks in 'he surface of the foil near the 
fracture. Two Hastelloy N samples were examined 
under similar conditions, but the results from the 
transverse scan c' the fracture surface of the second 
sample were superior and will be presented. The second 
sample differed from the first ir that the tellurium 
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Fife. 10.27. Intensity of «S2-eV teflurium Awgu atml at a 
function of spattering time. The initial point was from the 
as-fractured surface of the nickel. The sputtering rate is about 
two monolayers per minute. 
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Fig. 10,28. Fnctue surface of Hastdtoy N sample. Note the 
brittle inteis>cr.jtar fracture in the zones near die original 
surfaces of the f>3 and the aacks aM grain boundary 
separation in the a-eas adjacent to the fracture. 

reaction layer on the foil surface was removed by 
abrasion and titanium was vapor deposited on the foil 
surface to hide any tellurium-rich surface which might 
remain. This would avoid possible errors due to Auger 
emission from the original foil surface. 

Figure 10.29 shows a beam traverse of the broken 
surface along a path perpendicular to the plane of the 
foil. Tne diameter of the electron beam was still too 
large to permit simple interpretation of the o t a 
However, the data show thai the brittle zones -nve 
tellurium present, while tellurium is much lower or 
undetectable in the center ductile zone. Figure 10.30 
shows the tellurium signal strength as a function *>f 
sputtering time for the beam centered on one edge of 
the sample. The sputtering rate is no more than 2 
atomic layers per minute. Note that the tellurium 
concentration decreased nearly a factor of 10 in 3-min 
sputtering, or 6 atom layers. 

Figure 1031 is a sputter profile from the first 
Hastelloy N sample, showing variations in Auger signals 
for various elements as a function of sputtering time. 
This sample was sputtered much longer than the second 
one, and the initial points were from a surface that had 
been sputtered for 2 rain. Note the very slow decline in 

ORNL-OWG 73 -837 
175 

6 8 10 12 
DISTANCE (~0.001in./division) 

Fig. 10.29. Auger intensities from the fractured edge of 4 Hasteloy N foil as the sample was scanned in the thickness 
The Hastelloy N foil was 0.009 in. thick. Note that tellurium was found only at the edges and not in the center of the sample 
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Fjj. 1030. Anger signal intensity as a function of sputtering 
tine for the stcond Hastdloy N A41 foi sample. The initial 
point was from the as-fractured surface. The sputtering rate was 
approximately two monolayer* per minute. 

tellurium with increasing depth. Tellurium is stiil easily 
detected after over 400 min of sputtering. This would 
indicate that the tellurium-rich zone at the fracture 
-urtace is thicker in Hastelioy than in nickel. 

These data provide strong evidence connecting tellu
rium with brittle intergranular fracture in Hastelloy N: 
tellurium is ;trcngly concentrated in the affected grain 
boundary region. Other observations include (I) a 
strong depletion of iron from the grain boundary and 
(2) an indication that chromium is higher in the brittle 
region than in the ductile zone. 

The analysis of the second Hastelloy N sample is not 
yet complete. A composition profile as a function of 
depth below the fracture surface is being made. 

A new electron gun has been obtained that is 
expected to be capable of producing an electron beam 
with a diameter of only 0.001 in. (compared with 0.003 
to 0.015 in. in the experiments reported here). This 
would greatly improve the resolution of the composi
tion gradients across the thickness of the foil. 

10.9 DESIGN OF AN IN-REACTOR EXPERIMENT 
TO STUDY FISSION PRODUCT EFFECTS 

ON iJETALS 

R. L. Senn H. E. McCoy 
J. H. Shaffer P. N. Haubenreich 

During this report period we began design of an 
experiment in which three prospective MSBR container 
materials will be exposed to molten fluoride salt in 
which fission products are bemg producea. Fission 
prciuct concentrations, temperatures, and times will be 
the same for each material and will be in the ranges that 
were found to produce surface cracking of *he Hastel
loy N material thai was used in the MSR£. The relative 
resistance to cracking of the different materials will be 
determined by straining specimens of each material 
after exposure. 

10.9.1 Design Criteria 

In order to accomplish the purposes of the experi
ment in an economical, timely, and safe manner, the 
following design criteria were adopted. 

1. Three fuel pins shall be irradiated simultaneously 
for one cycle in the ORR. 

2. Each pin shall be made of V2-in. tubing. 
3. MSRE-type fuel salt shall contact 3 in. of the 

cylindrical portion of each pin. 
4. At least 0.5 in. of the cylindrical portion of each pin 

shall be above the salt surface. 
5. The inner surfaces of the walls ».n contact with the 

salt shall operate at 700°C, as nearly as is practical. 
*>. Fuel pin temperatures shall be monitored by one or 

more thermocouples attached to the ou'side of 
each pi., interior temperatures «hall be estimated 
from the «>bserved wall temperatures. 

7. Heating provisions shall be adequate to ensure that 
salt temperatures do not gc below lOCfC for more 
than 2 hr at a time from the beginning of 
irradiation until the experiment is removed from 
the ORR shortly after irradiation (to avoid F 2 

evolution). 
8. Insertion and withdrawal of the capsule in the ORR 

pooiside irradiation facility shall be used to regu
late the nuclear heating in the experiment. 

9. The 2i3V content of each pin shall be sufficient to 
produce at the end of one cycle in the ORR a 
tellurium inventory of at least 5 X 10' 6 atoms per 
square centimeter of area exposed to salt. 
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Fig. 10.31. Auger signal intensity as a function of spattering time for HasteDoy N '.41 sample. The in tial point was on the 
as-fractured surface. The sputtering rat- is about two monolayers per minute. 

10. Containment shall b< 
outside the pins. 

provided by two barriers 

10.9.2 Configuration 

The configuration conforms fo the ORR poolside 
facility and is similar to previous poolside capsule 
designs.16 This is particularly true in the upper portions 
of the capsule, which include the instrument lead tube 
and cori'ic' tor, gas tubing and connectors, and heaters 
and their connectors. The lower portion of the capsule 
will provide the necessary containment and a controlled 
high temperature in the fuel pins while exposed to 
neutrons from the ORR core. 

The lower portion of the capsule is shown schematic
ally in Fig. 10.32. (TeGen-1 stands for Tellurium 
Generator No. 1.) Each of the thiee sealed salt 
containers (fuel pins) Js made of a 4-in. section of 
Vin.-OD, 0.035-in.-wal! tubing The three rraterials 
chosen for this experiment are: st?r.u r̂d HaMelloy N. 
which is highly resistant to corrosion but ~l ch cracked 

16. D. B. Trauger. Soine Major Fuel-Irradiation Tc.u FacUiiies 
of the Oak P.id#: National Laboratory, ORNL-?574 (April 
1964). 

in the MSRt; type 304 stainless steel, which resists 
intergranular attack by tellurium but is corroded more 
by fiuoride salt*; and Inconel 601, a nickel-base 
high-chromi nn alloy that may combine adequate resist
ance to both tellurium attack and fluoride corrosion. 
Each pin contcins 7.14 cm3 of saJ*, which fills 3 in. of 
the length and contacts 27.1 crn2 or'metal surface. The 
salt composition is 7LiF-BeF,-ZrF4-UF4 (63.1-29.3-
5.1-2.5 mole %); except for slightly higher UF 4 this is 
practically the same as the fuel in the MSRE where the 
cracking was first observed. The % -in. space above the 
salt in each pin is filled with helium. 

10.93 Thermal Consideration* 

Fission heating in the salt is used to produce the 
derired high temperature in the pins -"Miring ORR 
operation. He«iers are also provided around each pin 
for use in minimizing temperature differences among 
the pins and in keeping tha salt warm enough to prevent 
F 2 gas evolution during shutdown periods. Pin surface 
temperatures are Pleasured by attached Ihermc couples, 
four on each pin. Fuel pins and heaters ate immersed in 
NaK inside the primary containment vessel. Thermo
couples in the bottom of the Naff' pool would 



92 

OftNL-OVC 7 2 - 9 6 5 4 A 

>3 HEATER LEADS 

3 4 GAS LINES 
t5 THERMOCOUPLES 

304 STAINLESS S X EEL 
PRIMARY CONTAINMENT 

304 STAINLESS STEEL 
SECONDARY CONTAINMENT 

FUEL PIN NO. t . 304 
STARLESS STEEL 

MSR FUEL SALT 

E i T E R COiL NO. f 

FUF.L PIN NO. 2 
K J S S T E L L O Y - N 

MSR FUEL SALT 

HEADER COIL NO. 2 

FUEL PIN NO. 3: 
INCONEL 601 

MSR FUEL SALT 

HEATER COIL NO. 3 

Ffc. 1032. Schctutk drawn* of TeGe»-l capsule. 

abnormal heating if salt should leak from a pin and 
react widi NaK to precipitate uranium. An argon-filled 
annulus between the primary aid secondary contain
ment vessels is sized to provide the thermal resistance 
that is .equired between the hot NaK and the water 
surrounding the capsule. 

The fissile material in the salt is x 3 3 U, chosen because 
its fission product teliuriuii: yield is greater than that of 
" $ U (0.040 atom stable Te pe; fission compared with 
0.024) so that more tellurium can be produced with a 
given amount of heat generation. The goal of 5 X 10 ' 6 

atoms of stable Te per square centimeter of surface 
contacted by salt was chosen as being low enough to be 
attained without inconveniently high heat production 
and high enough to produce cracking. (Specimens 
removed from the MSRE in Jul' 1966 showed cracks, 
although the Te concentration had reached only 1 0 X 
iO 1* atoms/cm3.) Producing 5 X I0 1 * atoms of stable 

Te per square centimeter in 1100 hr f-om 2 3 3 U in a 
0.43-in.-diam cylinder requires a fission pc^*r density 
of 34 W per cubic centimeter of fuel (1.19 kW per foot 
of fueled length). 

When the ORR first starts up with the experiment 
installed, the distance of the capsule from the core will 
be adjusted to bring the temperatures on the middle 
fuel pin into the desired range. Hie installed heaters on 
the u. per and lower pins (which will have about 14% 
lower fission raie because of the axial flux variation) 
will be sed to bring the temperatures on these pins 
into the same range. If the heat-transfer calculations 
used to size trr argon annulus are accurate, the fission 
rate (and tellurium production) wiii then be as ex
pected. 

Figure 1033 shows radial temperature profiles calcu
lated for a long cylindrical model with heat transfer 
only by conduction under two conditions. The lower 
profile is for the design condition of 1.19 kW/ft of 
fission power. The upper profile shows what would 
happen in the same system., at the same 'ocatior, if the 
reactor power shoo'd increase to 120% of noriinal full 
power. The increase in pin wall temperature wodd not 
be hazardous. Actual temperature differences from the 
wall to the center line will tend to be less than shown 
because of thermal convection effects which were not 
considered in this simple calculation. Even the eerier -
line temperatures shown in Fig. 1033 are not excessive, 
however, as there are no changes of any consequence in 
the properties of the salt over the ranges shown. 

In the actual 4-in.nong pins, heat flow out the ends 
would ter.d to cause axial variation of the temperature. 
The spiral heater elements were therefore concentrated 
near the ends of the pins to counteract this effect to a 
large extent. Figure 1034 indicates the location of the 
heater coils and îves temperature distributions calcu
lated 1 7 with the three-dimensional hect conduction 
code HEATING-3. (The 1.2-kW/ft fission power and 
1.1 kW/ft heater power refer to the fueled sections and 
the heated ieciions only, not to the averages over the 
length of die capsule.) The calculated distribution for 
normal operation indicates that the spread among 
temperatures at different points on a fuel pin *ill be 
acceptably small. Thernal convection effects neglected 
in these calculations, will tend to lower center-line 
temperatures bu; possibly increase the spread of temp
eratures along the pin wii!. The calculated temperatures 
for the case of zero fission heat also show that the 
design power of the heaters is ample to keep the salt 

17. H.C. Roland, ORNL, private communication. 
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Fig. 10.33. TeGea-i schematic teapenOue proAe from GENGTC Tenper atom a» ia °C. 

temperature well above the threshold of less than 
100°C for fluorine evolution from irradiated salt. 

10.9.4 Contabunent 

Four gas lines are used in the experiment: .'wo for 
filling and maintaining a 20-psig helium oresaure over 
the NsK (primary containment internal pressure) and 
two for filling and maintaining a 40-psig argon pressure 
in the gas gap (secondary containment pressure). 
Pressures over the NaK and u die fas-filled annulus are 
monitored for any indication of leakage in either die 
primary or secondary containment. 

10.93 FodSaltOwawtiy 

Tnc fissile u^nhu.1 concentration in the fuel salt was 
chosen as follows. Wi'h l .0 mole % 2 3 3 UF 4 in the fuel 

salt, calculations showed that a thermal neutron flux of 
about 0.9 X 10 1 3 neutrons cm"1 sec' 1 would produce 
die required fission power density. Tim flax at read&y 
achieved in the ORR poofeade positions with the 
capsule retracted 10 to 12 in. from the face of the 
reactor. Furthermore, at this rather large distance fro a 
the reactor, die vertical flux profile is relatively fbt, so 
ad three fuel pips wffl be irradiated in approximately 
the same flux (±~7%) Thus a different \zA loading for 
each pin will not be re.; aired if the fissne loading is trigs 
enough to operate this far away from the cove. 
Therefore, the concentration of the a , , U isotope was 
setat l.0mok%. 

The purposes of the experiment require that the fnd 
sth chemistry be carefuly coatroied. Speafkaly, it is 
desirable that the iP/U** ratio be in the range 
experienced m the MSRE and expected in future 
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molten-salt reactors (on the order of 0.01). Two 
mechanisms tend to decrease the ratio. They are 
impurity reactions, such as 

2NX) + 4UF, ->U0 2 + 3UF4 «• 2Ni, 

and fisrioning of some of the uranium to produce 
lower-valence products. Great care will be usee* in 
cleaning and loading the pins to imnimue impurity 
reactions, but the amount of U** going to U 4 * as a 
result of Wagoning cannot be changed. The chaste in 
the U^A1** ratio can 'x reduced, however, by increas
ing tte totai apxxnit of uranium in the pin. If the total 
wanium fluoride concentration were 1.0 mole %, the 
U*7U** ratio would decrease by about 0.008 as a resvlt 
of twinning the amount of 5 3 3 U required to produce 
Ike desired mount of tefurium. This change in ratio is 
huge compared with rat desired range, so some increase 
hi wan*.... c desirable. A total concentration of 25 
mole % urannun fluoride was selected as King reason
able. With this much uranium, the anticipated change in 
the U**(W* ratio due to ftsskminjr is reduced to 0.003. 
The * " U concentration will be kept at IX) mole % 

while the f»*al uranium is raised to 2.5 mote % by 
mixing depicted uranhun with the 2 3 3 U procured for 
the fuel charge. 

Plans for salt production and pin filling were designed 
to ensure the desired U*7U** ratio in the pins at the 
beginning of operation. The fuel salt mixture will be 
prepared from 2 i 3 U 0 3 and other constituents as 
fluorides by treatment with anhydrous hydrogen fluo
ride admixed with hydrogen at 600°C in nickei equip 
mint. The U^/U** ratio will be determined in situ by a 
vohammetric probe and will be increased if necessary 
by the addition of beryllium metal. The carefully 
cleaned fuel pins will be connected between a salt 
reservoir and overflow vessels and will be fftod, drained, 
and reined sequentialy by control of the gas pressure 
deferential imposed on the system. Following these 
operations, the sah fill toes will be cut from each rue! 
pia and the final closure weld performed in a controlled 
atmosphere. Because of radiotoxicity considerations of 
2 3 3 U , ooerauom involving sah preparation, fuel pin 
fining, and welding will be performed in glove ooxes 
within an established alpha facility. 
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11. Graphite Studies 
W. P Eatherly 

The objectives of the Graphite Program continue to 
bt the development of improved radiation-resistant 
graphites and the development o*' techniques to seal the 
graphite against ! ' $ Xe. The major empuasis remains on 
the sealant problem. 

The period covered by this progress report has seen 
two significant advances, described in detail below. The 
first of these is the successful irradiation of our 
experimental graphites to 3.5 X 10 2 2 neutrons/cm2 (£ 
> 50 keY) with a high degree of dimensional stability 
demonstrated. We interpret this as at least partial 
demonstration of our concepts on the nature of 
radiation dcpiage in poly crystalline graphite. 

The second advance is It methods of fabricating 
pyrorytic coatings to seal out xenon from the bulk :ore 
graphite. Flaw-free coatings with the desired density 
r«jd isotropy are now laid down routinely on the smafl 
cylindrical test pieces. Samples are now under irradia
tion testing, and preliminary results will be available in 
the next reporting period. 

Development work has been initiated to obtain 
anisotropy measurements on pyroh/tic coatings by their 
optical anisotropy under polarized light. The optical 
equipment is performing well, and standards for both 
optical and x-ray anisotropy measurements are being 
fabricated. 

11.1 THE IRRADIATION BEHAVIOR OF GRAPHITE 

C. R. Kennedy 

The purpose of this program is to interrelate the 
lifetime expectancy and dimensional stability o* graph
ite under neutron irradiation to fabrication variables 
During this report period, two graphite irradiation 
experiments have been performed in the HFIR; both 
were geometrically the same as previous experiments. 

r tie first, run at 715°C, was allowed to accumulate 2 X 
10" neutrons/cm2 (£ > 50 keV) before removal. The 
second was run with neon replacing the helium cover 
gas to increase the specimen temperature to a calculated 
950*0. (The temperature monitors have not been run as 
yet to confirm the operating temperature.) The 950°C 
experiment was only allowed to accumulate 1 X 10 2 2 

neutrons/cm2 before removal from th? reactor. The 
grades irradiated in one or both experiment* are listed 
in Table 11.1. 

All of the samples in the 715°C experiment were 
ORNL grades, some made with and some without a 
coke modification process. Previously irradiated first-

generation samples made with unmodified coke readied 
an accumulated fhience of 5S X lO 2 2 neutrons/env*. 
Second-generation modified materials, which had no 
previous irradiation accumulated a fhence of 2 X 10 2 2 

neutrons/cm2. The length changes as a function of 
fhience. shown in Figs. 11.1 -11.4, demonstrate several 
significant factor; relating to die dimensional stability 
of the OkNI. graphites. The first is that they are very 
dimenskHialry stable, generally changing less than \% in 
length up to a fluence of 2 X lO^' neutrons/ cm2 ( £ > 
50 keV), then expanding linearly with fhience at a rate 
of 2.591 per 10 2 2 neutrons/cm2. No accelerating 
breakaway m expansion has been observed to 3.5 X 
10 2 2 neutrons/cm2 for the ORNL materials. (This 
behavior is in contrast to the Poco grades, which remain 
stable slightly longer but then expand at an accelerating 
rate.) The lifetime expectancy of these first-generation 
(unmodified coke) grades would be greater than the 
reference grade GLCC H-337, and could approach the 
Poco AXF lifetime, depending upon the expansion 
allowed. For example, these ORNL experimental grades 
tolerate a higher fluence before reaching volume expan
sions of 5% or more than the Poco AXF grades do. 
Although the second-generation (modified coke) graph
ites have only beea exposed to a fluence of 2 X 10 3 2 

neutrons/cm2, up to this fluence, at least, they show a 
slightly better stability than the earlier ORNL grades. 
The lifetime of the newer grades will be determined by 
furu»?r irradiation. 

Several subtle effects of fabrication and raw materials 
were observed in these irradiations. The first is that 
although these grades are very isotropic, they always 
have a slightly greater initial shrinkage in the direction 
normal to the molding axis. After this initial difference, 
the dimensional changes ate very isotropic. The effect 
of original bulk density is very small and much less thar 
that observed for conventional grades. The addition of 
up to 40% carbon black also appears to have only a 
minor influence. The grades with carbon black all had a 
higher original bulk density. Thus, the slightly earlier 
initiation of volume expansion may be related more to 
the higher bulk density than to the addition of the 
black. Among the binders used - coal-tar pitch, 
petroleum pitch, furan-pitch mixtures, and nitroben
zene-pitch mixtures - no difference in behavior were 
observed. 

The 950°C experiment was designed to extend our 
knowledge of the effect of irradiation temperature. 
Representative commercial and experimental samples of 
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Geade 
Method of Finer Binder Irapre- >». Density 

/ 3 Source* 
forasiag description \ticm i 

CoawfKMMl gradej 

ACOT Extrusion Coarse ackubr Pitch Protabk 1.70 UCC 
NL-19 Extrusion Coarse aacaiar Pitch ProbaMe 1.72 UCC 
NL-3I Extrusion Coarse ackuhr Pitch Probable 1.74 UCC 
3-327 Extrusion Coarse ackahr Pitch Probable 1.75 GLCC 
» 4 2 9 Extrusion Coarse isotropic Pitch Probable 1.75 GLCC 
ATJ-S Molded MedtuBs SCSCSMU ri:eh Multiple 1.82 UCC 
RY-12-29 Extrusica Fine adcidar and Therm-

~arboa 

Yarcum 

Mack grades 

None 1.90 Y-12 

A-680 Molded Carbon bwc* Pitch None 1.49 SP 
A-68! Molded Carbon black P.tch None 1.66 SP 
SA45 Molded Carbon black Pitch Possible 1-55 ux 
T-30 Molded Therrazx Furan-pitch None 1.51 O^NL 

Appatenth/Dtndesfcss ^ades 

AXF Molded Fine semiacicular •* None 1.83 Poco 
AXM Molded Fine semiacicular •t None 1.71 Poco 
H-337 Molded Medium semiacicular •> Multiple 2.00 GLCC 

ORNL grades 

116 Molded 60% Robinson, 40% Thenmx 15V pitch No 1.83 ORNL 
129 Molded Robinson 15V pitch No 1.65 ORNL 
157 Molied 60% Robinson, 40% Tbermax 350 pitch No 1.87 ORNL 
S-31 Molded Robinson 15 V pitch No 1.76 ORNL 
S-18 Maided 65% Robinson, 35% Thenmx 15V pitch No 1.89 ORNL 
NB-16 Molded 65% Robinson, 35% Thermax 15V pitch, nitrobenzene No 1.83 ORNL 
S-il Molded Santa Maria 15V pitch No 1.66 ORNL 
N-2 Molded Santa Maria 15V pitch, nitrobenzene No 1.74 ORNL 
S-14 Molded 65% Santa Maria, 35% Thermax 15V pitch No 1.77 ORNL 
M l Molded Modified Robinson 240 pitch No 1.86 OKJN'L 

T-58 Molded Modified Robinson Nitrobenzene No 1.90 ORNL 
T-*2 Molded Modified Robinson Furan-pitch No 1.79 ORNL 
10-25 Molded Modified Santa Maria Furart-pitch No 1.83 ORNL 
11-1 Molded Modified Santa Maria Furan-pitch No 1.85 ORNL 
11-2* Molded Modified Robinson Furan-pitch No 1.84 ORNL 
11-43 Molded Modified serniackular Furan-pitch No 1.78 ORNL 
22-MK Molded Modified ackubr Furan-pitch No 1.73 ORNL 

*UCC - Union Carbide Corp., Carbon Products Division. 
GLCC - Great Lakes Carbon Corp. 
SP - Stackpok Carbon Co. 
Y-12-Y-12 Plant. 
Poco - Poco Graphite Co. 
ORNL - Oak Ridge National Laboratory. 
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Fig. 11.2. Length changes in Robinson and Thermax mixture graphites inadiated in the HFiR at 715°C. 

three broad types of graphites1 - conventional, carbon 
blacks, and apparently binderiess - were included in 
this experiment. The behavior of each type is compared 
with the results obtained at 715°C in Figs. 11.5 and 
11.6. 

Figure 11.5 gives the results of several conventional 
grades which present a consistent behavior pattern. 
First, the samples irradiated at 715 and 950°C densify 

1. C. R. Kennedy, MSR Program Semunnu Prop. Rep. Aug. 
31, 1969, ORNL-4449,pp. 175-78. 

at about tlr '"me rate. The so-called "breakaway" or 
transition to volume expansion occurs much earlier at 
950°C and reduces the lifetime expectancy by about a 
factor of 2. Grade RY-12-29, hindered with a furturyJ 
alcohol binder (Varcum), behaves similarly at 715 and 
950°C except that the changes at 950°C are intensified. 
This is the binder th?: produces a carbon phase of ~ 1.5 
g/tm3 which de-.isified during irradiation to 2.15 g/cm3. 
ThU nr< cess creates voids between filler particles, and 
the stricture degenerates. The heavily impregnated 
ATJ-S also appears to begin expanding more rapidly 



than the conventional electrode stock graphites. Ex-
chiding the RY-12-29 and the ATJ-S grades, all of these 
graphites would have a lifetime expectance at 9SC°C, 
based on volume expansion, of around 10 to II X 10 2' 
neutrons/cm3. 

The results of the carbon bluck grades are shown in 
Fig. 1* .6. Again, the effect cf temperature is consistent 
with the conventional graphite behavior. The densifica-
tion is almost identical to the behavior at 71S°C, since 
these materials all densify very rapidly. The expansion 
rate ioet appear to be larger than that observed at 
715°C; however, the irradiation exposure should be 
extended before qumtitative values are obtained. As 
observed at 735°C, the majot difference between 
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1000°C heat-treated grade A-680 and 2£'X)CC heat-
treated grade A-681 is the initial densificatio... The 
lifetime e/Dectancy of these grades, as observed at 
71S°C, does appear to be greater than the conventional 
grades. 

The apparently bindertess grade* and ORNL -"iperi-
mental grades are compr cd in Fig. 11.7. AH of these 
grades are very isotropic except grades 11-43 and 
22-28K, which were made vr":h anisotropic cokes (grade 
22-28K being more anisotropic than 11-4?). The 
irradiation is actually too small to give a valid indication 
of the expected lifetime or general behavioi. The trends 
indicate that there i& little difference in AXM and AXF, 
which are expanding linearly. Grade H-337 seems to 
have densfied slightly and then begun to expand at a 
rate greater than the Poco grades. The ORNL grades 
have almost too much scatter to define a trend; 
however, they do appear to have i slight initial 
densification, then some expand and some do not. They 
seem certainly to be as stable as H-337, if not mce so. 
One point demonstrated by the results for grades 11-43 
and 22-2S2C is that isolropy is not required for 
volumetric stability. Grade 22-28K has experienced 
linear dimensional changes of over 4% growth in the 
molding direction and 2% shrinkage in the transverse 
direction with virtually no volume cm ige. 

These results yield the following general conclusions: 

1. First-generation ORNL grades have a lifetime ex
pectancy greater than ;he reference grade H-337 at 
715°C. 

2. There are no growth rate or densification rate 
increases from irradiation temperatures of 71S to 
9S0°C. 
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3. The tranation to vohime expansion occurs more 
rapidly, by approximately a factor of 2, at 95C'JC 
compared with 71S°C. 

'.. Isotropy is not required for volumetric stability. 
5. The hindering system and particle boundary mor

phology are more important than growth rates in 
uetermining lifetime. 

The general behavior at 95u°C '_r virtually al of the 
graphites is indeed identical to the 715°C behavior with 
one major exception: the earlier transition to volume 
expansion. The implication is that this is not caused by 
growth rate increases but by a lessening of the 
graphites' ability to absorb the shearing deformation. 

11.2 PROCUREMENT AND CHARACTERIZATION 
OF VARIOUS GRADES OF GRAPHITE 

W.H.Cook J. L. Griffith 

Graphite procurement and evaluations in the MSRP 
are currently directed toward two applications: (1) core 
moderators and reflectors for MSBR's and (2) equip
ment for processing the reactor's fluoride sa't fuels. 

For the studies on the nuclear application, our 
objectives are to identify grades that have superior 
resistance to dimensional changes induced by fast 
neutrons and to attain a better understanding of the 
mechanisms of neutron damrge in graphite. Our sources 
of graphite for these studies are experimental grades 
fabricated by us (Sects. 11.1 and 11.4) plus experi
mental and production grades fabricated by commercial 

manufacturers. Currently, our work is almost com
pletely limited to experimental grades, since typical 
examples of all existing production grades known to 
have potential for nuclear application have been ex
amined. As we acquire various grades, we make initial 
lifted determinations of their physical properties to 
establish reference data. These data are used to deter
mine if they warrant more extensive evaluation through 
additional physical, chemical, and fast-neutron irradia
tion studies. We have recently receive i samples of three 
new production grades of graphite: grades H395 and 
H395X from the Great Lakes Carbon Corporation and 
«n*ie A800 from the Stackpole Carbon Company, 
tsone of the three has W n optimized to the specific 
requirements of molten-salt reactors other than possible 
neutron damage insistence. Specifically, the pore en
trance diameters arc much larger than the l-fim 
maximum required for MSBR core moderator graphite. 
They were supplied to us for general evaluation and are 
of interest in our studies on the relationship of 
microitructure and dimensional stability under irradia
tion. 

The Great LJces grades H39S and H395X are 
advanced grades beyond t/ade 4337, which has good 
stability under fast-neutron irradiation.1 Grade H317 
ius a bulk density of 2.00 g/m3, whereas grades H39S 
a.d H39SX have densities or 1.797 and 1.875 g/cm3 

resj xtivety. The higher bulk density of the H337 is due 
to a greater degree of impregnation with liquid hydro
carbons that have been carbonized and then graph-
itized. This is apparently the reason grade H395X also 
has a hfcheT bulk density than grade H39S. The 
microstructure of grade H3°J k uirry uniform, whereas 
ihat for grade H395X vanes because the impregnation 
fills some zones of the porosity more effectively than 
others. 

The basic difference in grade H337 and grades H395 
and H39SX is their optical domain sizes (as revealed in 
the exananaticn of theii nucrostructures rsing a rotit-
abk sensitive tint plate in a light microscope). Grade 
H337 has a fine matrix in which the optical domains are 
small', randomly oriented, and have an appearance 
similar to the most dimensionaUy stable graphite, grade 
OCF-5Q,1 except that there are larger highly aniso
tropic fitter particles scattered throughout the matrix 
which range approximately 5 to 25 tunes larger than 
the general matrix optical domains. Grades H39S and 
H395X do not have these larger anisotropic filler 
particle*. Their optical domains appear to b \% to 2 
times that of grade AXF-5Q, which typically ranges 
from 4 to 10 /im. Rarely in grade AXT-SQ and only 
occasionally in grades H395 and H395X do we see filler 
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particles with optical domains that are aligned preferen
tially to a d<„*gree sufficient to give the whole filler 
panicle a pieferred orientation. 

The cro^-sectional views of grade AXF-5Q show the 
pore strvccure to be ro*igh but approximately equiaxed, 
while that for grades H337, H395, and H395X is linear 
and branching. 

Based on their microstructures, »/c anticipate that 
H39S and H395X would have similar dimensional 
stability under fast-neutron irradiation and would react 
in a way equal to or slightly more dimensionally stable 
than grade H3.">7. 

Stackpole grade ASCQ was supplied in connection 
with our core moderator studies directed toward 
understanding the relationship between dimensional 
stability and microstructare under fast-neutron irradia
tion, hence our interest in this material despite its 
density of only ! .642 g/an 3 and its large open pores. It 
represents a different method of fabrication and again 
has not been optimized toward MSBR requirements. Its 
microstructure reveals that it is composed of well-
graphitized fillei particles and carbon-black particles on 
an estimated volume ratio of 13:1. Additional char
acterization examinations are necessary to determine if 
this material warrants inclusion in cur neutron-
irradiation studies. 

The graphite for constructing equipment for process
ing the reactor fuel salt has more latitude in physical 
properties because the material will not be subjected to 
fast-neutron radiation. The primary requirements of the 
graphite are that it be (1) chemically compatible with 
the Uthium-bismuth alloys containing from 0 up to 3 wt 
% (48 at. %) lithium at 650°C, (2) impermeable to the 
salts *ut lithium-bismuth alloy:- used in die chemical 
processing of the salts and their fission pioducts, and 
(3> ea.*ay fabricited into relatively complex structures. 

Two approaches are being considered for making the 
graphite impermeable to the salts and the lithium-
bismuth alloys. One is to coat or to seal a ©oh/crystal
line graphite structure with pyrocarbon or pyrograph-
ite. The other is to adequately reduce, the porosity and 
pore entrance diameters of the base stock by repeated 
impregnations with liquk* .., <iiocarbons that are car
bonized after each impregi *<bn. These carbonized 
impregnations probably woui<* be graphitized to im
prove chemical inertness in out applications. 

The impregnation of the graphite is the approach 
favored by the Chemical Technology Division personnel 
who are developing the technology for the <;hemic3l 
proving of the fuel salts. Through their efforts w„ 
have acquired 6-in. cubes cf graphite grades PGX and 
FGXX aom the Carbon Products Division of the Union 

Carbide Corporation. Grade PGX will be the reference 
material that will be upgraded by impregnations. It is a 
base stock material that can be made into large shapes 
- for example, a 67-in.-diam, 80-in.-long piece is listec 
a& a catalog item. Large-sized stock is necessary for or.e 
configuration of the chemical processing facilities under 
consideration by the Chemical Technology Division. 
Our samples of the base stock, grade PGX, and the 
impregnated base stock, grade PGXX, have bulk den
sities of 1.791 and 1.851 g/cm3 respectively. These 
suggest that grade PGX may be too porous to be used 
without modification. Additional tests are necessary 
and are in progress to determine if the pore entrance 
diameters of grade PGXX are &nall enough to be 
impermeable to the media cited above. 

We have acquired from the Stackpjle Carbon Com
pany additional quantities of grade 2020, which has zn 
average bb'k density of 1.74S g/cm3. This is good 
density control for a production-grade graphite of this 
type. This grade of graphite typically has almost all of 
its accessible porosity with pore entrance diameters 
within 1 to 3.5 ftm and none more than 3.5 ftm. This 
restricted range of pore entrance diameters makes this 
grade of graphite of direct potential for low-pressure 
regions (<2S psia) in the systems for the chemical 
processing of the fluoride fuels, and it could be 
upgraded relatively easily by imDregnation or with 
pyrocarbon coating for use in regions at higher pres
sures. At this time we plan * o use it without modifica
tion in compatibility studies with the tithium-bismuth 
alloys at 700°C. 

113 CHARACTERIZATION OF ORNL GRAPHITES 

O B. Cavin C. R. Kennedy 

Our program to develop graphite with improved 
irradiation resistance is direcu-d toward obtaining a 
product having a virtual monolithic structure. That is, 
we would, bice for all of the carbon in tbv body, both 
f.ller and binder,:_ have the same structure. This would 
minimize the interparuch shearing which must be 
accommodated during the irradiation-induced ani
sotropic dimensional changes. There a;e numerous ways 
of evaluating these bodies to determine the extent to 
which we have accomplished this, each sensitive to one 
or more structural parameters. 

Several samples were fabricated using modified Ro
binson coke with and without natural flake additions 
and hindered with iuran-petroleum-pitch mixtures. 
These graphites, listed in Table 11.2, were aO molded at 
90°C and air cured at 150°C for 16 hr. The physical 
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and mechanical properties cf these bodies are also given 
for comparison. It is immediately obvic is that in
creasing the binder content results in a body of higher 
bulk density, strength, and elastic constants, but de
creased resistivity. The carbon yield of the binder is 
about 50%, so the maximum carbon contribution from 
the binder to the bodies would be approximately 15%. 
There is a 16% increase in density in going from 10 to 
30 parts per hundred of binder. This increase in density 
is an expected result of binder optimization, a complex 
procedure of creating more efficient hindering to 
prouuee a more uniform shrinkage. The significant 
increases in mechanical properties reflect the reduction 
in the critical defect size by tiie optimization of binder 
to reduce porosity. 

The electrical conductivity increases significantly with 
increased density. This is in contrast to the * ray 
parameters, which show a decrease in the avetage 
crystallographic perfection Uth increased binder con
tent. The same conflict is observed by comparing the 
graphites with natural »̂ cke additions. The electrical 
conductivity of the samples is virtually identical to the 
all-Robinson coke sample with the same density and 
independent of the average crystaflographic perfection 
as indicated by the x-ray parameters. This emphasizes 
the sensitivity of electrical conductivity, not only to 
crystallography perfection, but to the effective cross-
sectional areas and structural morphology. It :s shown 
in Table 11.2 that the conductivity is a very strong 
function of the density or effective cross-sectional area. 
However, the structural morphology is also significant 
Li ihat the location of the binder around e*ch tiller 
particle is a Smiting factor in the increase of the 
conductiv'iy. The cu.ed binder is certainly less graphitic 
than the filler materials, particularly the natural flake 
filler, as shown by the x-ray parameter. Thus, the 
binder will have a much higher resistivity and act as an 
insulator in the structure. A further increase of the 
conductivity can therefore only come from an improve
ment in the crystallinity of the binder. 

II.4 GRAPHITE FABRICATION2 

C. R. Kennedy 

Graphites for improved resistance to irradiation must 
have a binder system that produces an interparticle 
boundary with a very ligh mechanical integrity. We 
have concentrated our efforts in this program to 

2. This work *-: supported in part by the Naval Ordnance 
Laboratory. 

understanding the binder characteristics in order tha» 
representative graphites of improved structure* can be 
made and evaluated. The binders studiei include 
coal-tar pitches, petroleum pitches, jnd furan-
pctroleum-pitch mixtures, both with and without nitro
benzene as a diluent and plasticizer. 

The initial graphite fabrication of the green cokes 
produced reasonably dense structures; however, these 
hard dense cokes have excessive springback after mold
ing, causing high localized shrinkage during carboniza
tion. These effects produced the structure shown in Fig. 
11.8, which is fairly representative of our first-
generation graphites. Tiis graphite has been irradiated, 
and the results are gven in Figs. H . l - l l . 3 . The 
reasonznle stability of these graphites it very promising 
and suggests that the hindering of the individual filler 
particles is fairly good. 

To eliminate the linear defects <iown in Fig.! • .8, we 
have, through a coke modification process, produced 
graphites with the pore morphology as shown in Fig. 
11.9. The mechanical integrity ct this structure is very 
good; however, irradiation results are as yet very 
preliminary, as shown in Fig. 11.4. We have produced 
this type of structure using aO the binders listed above. 

The strength and modulus relationships of the various 
graphites are compared in Tig. 11.10, demonstrating 
again the similarity in pc--_ morphology of our *. ̂ peri-
mental materials and the Poco grade AXF-5Q, both of 
which are superior tc the specialty grade ATJ-S 
graphite. This is a reasonably conclusive demonstration 
that the pore morphology and structural integrity can 
be maintained for a wide variety of raw mr.tc-r̂ k 
through this modification process. The electrical and 
thermal conductivities, however, «re found to be very 
sensitive to the methods of fabrication as well as raw 
materials. Controlling the conductivity of these graph
ites is, in fact, one of the major piobkrns in fabrication. 

We are concerned about the thermal conductivity, not 
only because of the reduction of thermal gradients in 
thf -"actor core, but because it is also a sensitive 
measure of the binder carbon characteristics. We desire 
a monolithic structure in which all of the carbon has 
ihe same structure and behaves uniformly under irradia
tion. This would in turn reduce the strain concentra
tions in the binder carbon between the filler particles. 
Since the binder coats all the filler particles, the 
conductivity of this layer can dominate the overall 
conductivity of the graphite body. This is very evident 
in the sharp effect of air curing the binder upon the 
electrical resistivity, as shown in Fig. 11.11. Differences 
in the filler materials are completely masked by the 
curing, as is shown by the similarity of the serrdacicular 
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tiler coke with and without the addition of Robinson 
coke fines. Molding at tco high a temperature also 
appears 'o have a deleterious effect on resistivity. Wc 
have now observed the t the petroleum pitch 240 is even 
sensitive to the air retained in the packed bed during 
the bake cycle. Removing the air fr«in the baking 
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furnace and backfilling with argoi. is now a standard 
practice to eliminate this effect. Therefore, it becomes 
important to mold the graphites at temperatures as low 
as possible and to subsequently protect the molded 
bodies with a nonoxidizing environment. 

The relation between density and electrical resistivity 
is also obvious in Fig. 11.11, and density is indeed a 
major consideration in the strength of a graphite We 
have found that by eliminating the oxidation cf the 
very aromatic petroleum pitch 240 the coke yield 
dropped from 50% down to 30 to 35%. In terms of 
text are, reasonably good graphites have been fabricated 
with the 240 pitch, but it is exceedingly difficult to 
obtain a high-density graphite with this low yield. The 
carbon yield can be increased by the addition of furans 
to the pitch or by the addition of Thermax or fines to 
the filler. Both of :hese additions, however, do increase 
the electrical resistance. 

It has long been a practice to add fines to fillers to act 
as binder "extenders." This practice increases the 
density of the product by increasing the binder yield 
and improves the packing of the filler particles. Since 
the fines arc inore intimately associated with the 
binder, the influence on the properties is again to those 
that are more sensitive to binder effects. Thermax or 
other carbon blacks have long been used for this 
purpose, but even small additions seriously decrease the 
conductivity of the graphite. We have been substituting 
tines of Robinson, acicular, and semiacicular cokes 
made by grinding in a fluid mill. We have added the 
superfines of these cokes still in the green state or 
prefired to 600°C. The addition of the 600°C calcined 
fines was very deleterious. Not only was the conduc
tivity seriously decreased, but the mechanical properties 
of these graphites were reduced to more like conven
tional grades. The green Robinson and actcutar coke 
fines appesr to be .iwre effective in obtaining high 
(tensities than the semiacicular coke. However, aO the 
graphites with the fines additions have a lower conduc
tivity, particularly with Robinson fines. The use of the 
Robinson fines also has the ability *o nuke the graphite 
more isotropic. All semiacicuiar coke graphites fabri
cated to obtain a Baron an;sotropy factor of 1.1 can be 
made isotropic (BAF of 10) by a 30 to 40% Robinson 
fines addition. 

The addition of furam to the petroleum pi'ch 240 
does make the binder more controllable, bui some 
slight increase in electrical resistivity does occur. The 
purity and controllability of the 240 petroleum pitch 
and furan mixtures make these binders otherwise lock 
attractive. We continually find for these mixtures a 
wider latitude in the binder content required to 
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optimize a particular fillet mixture. This may result 
from a more gradual weight lor, during the carboniza
tion cycle than the more abrupt losses from petroleum 
pitches and some of the coai-te. pitches. Also, these 
binders are avaflabie with very low viscosities at room 
temperature, allowing mixing and fabrication tempera
tures to be reduced. The use of diluents such as 
nitrobenzene has also been shown to be very control
lable and useful in processing the pitch-furen mixtures. 
In general, these binders may offer considerably more 
control and uniformity than the variable coal-tar 
pitches. 

One additional method of increasing yield and quality 
*s the use of pressure baking. We have fabricated a 
group of samples using both the 2<t0 pitch and 240 
furan mixture as binders. These have been pressure 
baked to 650°C, usu.g tlw facilities at the Y-12 Plant, 
and then convention/illy baked to 1009°C. The evalua

tion is not complete, but the apparent yield of the 
binders was increased by some 15 to 20%, and the 
overall quality of the blocks looked very good. 

In summary, the graphite development program is 
conunuing toward an optimization of the monoUthic 
structure. Most of our attention has been devoted to 
studies to ensure the coherency of the binder carbon 
and tc match its structure to that of the filler particles. 

11.5 THERMAL PROPERTY TESTING 

J.P.Moore T.G.Kolhe 
D. L. McElroy 

Thermal conductivity (X) and electrical resistivity (p) 
measurements have beer completed on the AXF-5Q 
graphite w/uch was irradiated \o &.2 X ) 0 2 1 neutrons/ 
cm2 (E > 50 keV) at approximately 650°C. As shown 
in Fig. 11 12 the thermal conductivity of this specimen 
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Table 11.3. Thermal conductivity of irradnfd graphites from ORNL and Baker 

A(Wcm' - •deg") 
AXF-5Q 

Temperature 
(°K) 

After After Baker, Temperature 
(°K) 

Unirradiated 2.6 X 1 0 2 1 

neutrons/cm 
4.2 X 1 0 2 1 

neutrons/cm 
7X 10 2 ' 

neutrons/cm* 
at 550°C a. 650°C at 650*0* 

300 1.31 0.32 0.30 0.19 
400 1.17 0.34 0.31 0.24 
500 1.07 0.345 0.32 0.25 
600 0.97 0.345 0.32 0.25 
700 0 88 034 n -it 
800 0.80 0.33 0.32 
900 0.73 0.31 

-From D. E Baker, J. Nucl. Mater. 12(1), 120 (1964). The thermal conductivity of the graphite 
used by Baker *7as about i.l W c m - 1 deg~* at 400°K before irradiation. 

was a few percent below that of the specimen irradiated 
at 550°C to a fluence of 2.6 X 10 2 1 neutrcns/cm2. 
Also shown in Fig. 11.12 are representative data for 
unirradiated AXF-5Q from our previous results and 
data from Baker3 cm a needle coke graphite which had 
been irradiated at 650CC to a fluence of 7 X 10 2 1 

neutrons/cm2. Baker's data are in good agreement with 
ours, and we have listed the various results in Table 
11.3. 

The specimen of H-337 graphite that was irradiated at 
5S0°C to a fluence of 2.6 X 10 2 1 neutrons/cm2 has 
been assembled, and measurements of p and X are under 
way. During disassembly of the irradiation capsule, the 
H-337 graphite that had been irradiated at 750°C was 
inadvertently broken. This prevents the planned X 
measurements on this sample at high temperatures, but 
we h?.ve fabricated holders which will enable us to 
obtain some X data from the sample near room 
temperature in another apparatus. 

Thermal expansion is related to the structure of 
graphite, and measurements of this parameter may be 
useful in understanding irradiation damage in graphite. 
Thus we are setting up the equipment required to make 
these measurements accurately, and we plan to make 
thermal expansion measurements on the same samples 
Iving used in the thermal conductivity studies. At
tempts to calibrate the quartz dilatometer between 25 
and 725°C using NBS-certified quartz and copper sam
ple J yielded a large scatter (±5 X 10~* cm) in the 
length-change measurements. Since repeatability is es
sential to the accuracy of thermal expansion measure
ments using this technique, the quartz pushrod and 

3. D. E. Baker,/ Nucl. Mater 12(1), 120 (1964). 

holder lube assembly were refabricated tc tighter 
tolerances. This was done to reduce movements in the 
assembly due to vibrations and differential thermal 
expansions. Repeat measurements with the NBS quartz 
sample yielded reproducibilities of ±8 X 10"* cm, 
which is within the ±25 X 10~* cm accuracy of the 
electronic micrometer. After calibrating with the NBS 
copper gage, me asarements are planned on AXF-5Q and 
H-337 graphites in the pie- and postirradiated con
ditions. 

11.6 REDUCTION OF HELIUM PERMEA1 !UTY 
OF GRAPHITE BY PYROLYT1C 

CARBON SEALING 

C.B.Pollock W.H.Cook 

The breeding performance of molten-salt reactors is 
significantly affected by the extent to which "*Xe 
accumulates in the core graphite. A procedjre for 
stripping the gaseous fusion products with a babble 
purge system has been developed, but its effectiveness is 
dependent upon the surface condition of the core 
graphite. Therefore, it is desirable to seal the surface of 
the graphite to reduce ' 3 5 X e permeation, and the 
preferred material is pyroh/tic carbon. The first tech
nique used for this purpose was a carbon fenpregtiaion 
process in which surface pores -were ptusjed with 
pyrolytic carbon. It was found that the helium per
meability of this msctenal increased rather rapidly with 
irradiation, and alte.*n*te s c h r n for sealing were 
investigated. 

Previous investigations by Hewette, among others, 
had shown that pyrolytic carbon coatirtf j derived from 
propenc (CH3CH:CH2) at I3O0°C were extremely 
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stable under the influence of fast neutrons at 71SCC 
(ref. 4). The dimensional changes of dense low-
temperature coatings derived irom propene are sum
marized in Fig. U 13. The extremely smaU change in 
the parallel direction (approximately ?.%) is significant 
in that it matches very closely the observed changes in 
Poco graphite under the same conditions of flueace and 
temperature. The coatings in this study had densities 
greater than 1.99 g/cm3 and Bacon anisotropy factors 
of less than 1.1. Furthermore, it was determined that 
these classes of carbonous materials weie able to relieve 
intern?! stresses by creep. An examination of the 
known properties of the candidate graph'tes and the 
lew-temperature coatings fed to the beiiet uiat the »>vo 
materials would be compatible under moiten-salt reac
tor conditions of fluence and temperature. 

A furnace designed for coating small graphite samples 
with pyrorytic carbon was built, and coating techniques 
were developed.5 The excellent behavior of low-
temperati;~e pyrocarbon can be attributed to several 
factors that include a Bacon anisotropy factor less than 
1.1 in the structure and a density of 2.0 g/cm3 o: 
greater. Thvrefo-e, our coating process parameters were 
directed toward achieving these properties. Previous 
studies indicated that deposition temperatures between 
1100 and 1400°C were necessary to achieve the high 
density and required isotropy with a propene source.6 

We round that coatings deposited in the temperature 
range 1100 to 1300°C with a carbon deposition rate of 
1.3 to 14.0 fim/min had t der.aty of 2.0 g/cm3 or 
greater. But, in order to achieve the isotropic coating, it 
was necessary to simulate the action of a fluidized-bed 
furnace. This was accomplished by levitating a small 
quantity of carbeni beads around the sample, which was 
fixed ki place by a carbon rod. All coatings were heat 
treated to at least 1800°C before being removed from 
the furnace. 

Coated sampies were prepared by coating at i 100, 
1150, 1200, 12S0, and 1300°C. The coatings were 
deposited on a substrate of grade AXF-5Q graphite 
cylinders, nominally 0.40 in. OD, 0,14 in. ID, and 0.50 
in. long. 

hurt of our evaluation of the coatings ts to examine a 
selected quantity of the samples in detail nonoestruc-

4. D. M. Hem te sad C. R. Kennedy, MSR Prop-am 
Semmtm. to*. Rep. Feb. 28. 1970, ORNL-4548, pp. 
215-18. 

5. C. B. fodocfc, MSR Propem SemUnr.u. Prop. Rep. Feb. 
29,1972, ORNL*4?82,?p. 15J-55. 

6. R. L. Bwrtty, J. L. Jcott, tad D. V. KipKn§er, Minimizing 
Thenml Effects in FtukUzed-Bed Deposition of Dentz, /*> 
tropk Pyrotytk Cerbon, ORNL4531 (April 1970). 
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Fig. 11.13. Effect of fast-aentioa expocurc at 71S°C on the 
£semioiul changes of propene-demed pyitfytk caibom. 

tively with the scanning electron microscope (SEM) and 
destructively by conventional bnght-field metallo-
graphic techniques. These are complementary types of 
examinations which we use to characterize the as-
ikposited coatings from the bases of the effects of the 
deposition parameters phis the nature and quality of 
the coatings. 

A summary of the SEM observations on this series of 
coated samples is as follows: 

1. The rounding of the sharp edges of the substrate 
samples appears to have eliminated the cracking and 
spalling of the pyrocarbon coatings which sometimes 
occurred at these sharp edges. 

2. The quality of the pyrorytic coating appear to be 
improved by decreasing the roughness in the 
machined surfaces of the substrate graphite. 

3. The pyroh/tk carbons deposited at the lower tem
peratures appear to be more continuous and have 
less bridging of pyrocarbon particles than those 
deposited at higher temperw^ures. 

4. The basic pyrolytic deposition particles start as 
oblate spheroids at 1100°C, become almost flat 
platelets at 1200°C, and finally become more 
spheroid-like 9tl300°C. 

5. At 11 CO and 1150°C the longer coating period 
appearf to improve the overall physical appearance 
of the coatings, f Lack of time and samples prevented 
such evaluation for the other deposition tempera-
tUlCS.) 
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Fig. 11.14. SEM photomicrographs showing typical micros! jctural topography of as-deposited and heat-treated pyrolytic carbon coatings derived from propene and 
deposited on grade AXF-5Q graphite at the temperatures indicated. SOOOx. 
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6. The physical nature of a coating at a particular 
deposition temperature is sensitive to the geometry 
ami orientation of the sample in the coating furnace. 
For example, the ooating on the cylindrical surface 
of a sample is not always the same as that on the 
rounded udges of ihe s'Ttple. 

F igure 11.14 illustrates the typical range of micro 
strjetures ouservid in this series. The pyrocarbon 
deposited at 1100°C (Fig. 11.1 4J ) appeared to have a 
fine-grained component that had the appearance of a 
"solidified silt" cementing a*our>d the larger pyro-
carbon particles and the grains of the substrate graphite. 
The quantity of the silt portion varied with coating 
time at 1100°C. Figure 11.146 illustrates the change to 
.mailer and more spherical particles at a deposition 
temperature of 1200°C. Note 'hat then; is more 
porosity due to particle bridging at the higher deposi
tion temperatures. 

Our bright-field metallographic examinations of trans
verse sections through the coatings indicate that they 
are dense, bonded to the substrate graphite, and the 
degree of anisotropy of the coatings is estimated to be 
less than 1.3 in the extreme case by examination under 
polarized light. To acquire more quantitative d t«j on 
the isotropy, simples have been prepared for measure
ment by the OPTAF technique.7 

During this report period we have prepared an 
extensive array of coated samples for the first irradi
ation experiments that cover the full range of coating 
conditions, all of which were sealed to a helium 
permeability of less than 10~ 8 cm 2/sec. Table 11.4 
describes the samples being irradiated in HFIR capsule 
HTM-20, which was inserted in August 1972. Plans are 
to remove this capsule in November 1972, after it has 
accumulated a total peak tluence of 1 X 1 0 2 2 neu
trons/cm2 at 700°C. The capsule consists of a stack of 
samples threaded on a graphite spine assembly which is 
enclosed within an aluminum can. Figure 11.15 shows 
some of the samples selected for the first irradiation 
experiment. 

We have used the icM to selectively examine about 
25% of the pyrolytic-carbon-coated samples before 
installation in the HFIR irradiation capnule HTM-20. 
We have made SEM photomicrographs as permanent 
records on the outside and en one of three rounded 
corners of each of the selected coated samples. Un
doubtedly, fast-neutron damage will not manifest itself 

exactly in the small regions photograoheu. but the fact 
that the sample being irradiateo is its own control is 
superior to using a similar sample as a control. We plan 
to monitor these selected simples with the SEM as they 
acquire increments of iluence. We hope to be able to 
«ee how fast-neutron damage starts and progresses with 
increasing fluence and how the damage varies w.th 
structures We shaft attempt to corre'-te these observa
tions with other da a such ;<s dimensional changes and 
gas permeahdh'. The goal of this program is to 
determine the deposition parameters that will produce 
the most reliable types of costing under fast-neutron 
irradiation. 

Table ! 1.4. Coated papfe^. samples iiadiafed 
in the HFIR capsule HTni-20 

7. H. B. Gruebmeier and G. P. Schncidler, An Optical Method 
for the Determination of the Local Anisotropy of Pyrolytic 
utrbcti Layers and Graphite, ORNL-Ti-2127. 

Sample 
number 

Coaling 
temperature 

CO 

Effective 
helium 

admittance 
Coating thickness 

(in.) 

Coaling 
temperature 

CO (cra2/sec) 

MS£2 1100 1.4 X 10"'° 0.0008 
A 

MS-84 1100 1.2 X 10" 1 0 0:0015 
B U.0017 

MS-85 
B 

MS-86 

1100 1.1 x 10" 1 0 0.0013 MS-85 
B 

MS-86 1100 1.1 X 10"'° CUMHO 
A 0.0012 

MS-87 
A 

M$-ftft 

1100 2.2 x i r T 1 0 0.0014 MS-87 
A 

M$-ftft IlOO 1.1 X 10" 1 0 0.0010 
A 0.0012 

MS-89 
B 

MS-91 

1150 9.0 x 10" 1' 0.0022 MS-89 
B 

MS-91 1150 6.4 x 10" 1 ' 0.0028 
B 0.0032 

MS-92 1150 6.8 X 10" 1 1 0.0012 
A 0.0016 

&S-93 1150 5.9 x 10" 1' 0.0026 
B 

VS-94 
B 

MS-95 

1150 4.1 x 10" 1 ' 0.0020 VS-94 
B 

MS-95 1150 3.8 •: 10" 1' 0.0020 
A 

MS-97 1150 3.8 x 10"'' 0.0021 
A OJOfPA 

MS-98 1200 5.9 x 10"'' 0.0023 
B 0.0026 

MS-99 1200 7.2 x I-j u 0.0020 
A 

MS-99 
B 

MS-101 

1200 5.2 x iO" 1' 0.0024 MS-99 
B 

MS-101 1300 1.6 X 10"9 0.0053 
A 0.0057 

MS-103 1300 1.1 x 10"3 0.0029 
A 0.0031 
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Fig. 11 .IS. Graphite samples coated with pyrofyt*. carbon f<*r HTM-20. 

11.7 IRRADIATION OF PYROCARBONS 

D. M. Hewette II C. R. Kennedy 

The ability of pyrocarbon coatings to retain their low 
permeability depends upon how their dimensional 
changes matci those of the substrate graphite. We 
recognized ?a»ly from our ~esults8 and those ot Bokios9 

vhat the growth rates of the individual pyrocarbon 
crys*-i!!iies ai2 exceedingly high; for the coatings to be 
dimciisionally stabie, the pyrocarbon must be almost 
perfectly isotropic. The results of Beatty' ° showed that 
it would be impossible to obtain an isotropic high-
density carbon from methane (CH4). it is possible, 
however, to obtain the necessary high-density isotropic 
pyrocarbun from propene (CH3CH:CH2) deposited at 
relatively lo;v temperatures (around 1100 to 1300°C). 
To demonstrate the dimensional stability of these 
pyrocarhons, several propene- and methane-do ived 
pyrocarbons were irradiated in the HFIR to fluences up 
to 3.3 X 10 2 2 neut-onf/cm2 (ZT> SO keV). 

The results of this irradiation experiment are shown 
in Figs. 11.16 and 11.17 for both methane- and 
propene-derived pyrocarbons. The maierfcis irradiated 
are listed in Table 11.5. The methane-derived materials 

8. D. M. Hewette II and C. R. Kennedy, MSR Program 
Semiannu. Progr. Rep. Feb. 28, 1970, ORNV-4548, pp. 
215-18. 

9. J. C. Bokros and R. J. Price, Carbon 5(3), 301 (1967). 
10. R. L. Beatty, F. L. Carlsen, Jr., and J. L. Cook, Nucl. 

Appl. 1,560(19* ). 

were very unstable, with the most isotropic coaings 
shrinking over 10%. The propene coatings were fairly 
isotropic and dimensionaljy stable. The heat-treated 
YZ-131 had the greatest stability, with little effect of 
heat treatment at temperatures from 1900 to 250O°C. 
The slightlv lower density YZ-1% had the expected 
high initial densJfic3tion of the as-deposited material. 
However, there was one YZ-I96 sample heat treated to 
1900°C that expanded wv*en irradiated, which suggests 
that the structure was not fully stabilized. It appears 
that the preferred coating would have ? density greater 
than 2.03 g/cnr and would be heat treated to 2000°C. 
U is doubtful t'.tat a strain differential between the 
coating and substrate of much grater than 2 to 3% 
could be sustained without rlacking or spalling. 

11.8 EXAMINATION OF UNIRRADIATED AND 
IRRADIATED PYROCARBON SHOTS WTfH THE 

SCANNING ELECTRON MICROSCOPE (SEM) 

W. H. Cook 

The results (previously described1') of the examina
tion of pyrocarbon coatings on graphite prompted us to 
make similar examinations on pyrocarbon strips being 
studied by Kennedy and Hewette.8 The;* materials 
were derived from several hydrocarbon sources under 
different deposition .^id heat-treating conditions. We 

II. W. H. Cook, MSR Program Semanr.u. Progr. Rep. Feb. 
29,1972, ORNL-4782, pp. 155-59. 
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"able 11.5. ryrocaibcns irradiated in the HFIR 

Structure 
number Material Source 

Deposition 
temperature 

(°C) 
Heat treatment 

Liquid 
immersion 

density 

Deposition 
temperature 

(°C) (g/cm3) 

18 YZ-166 Methane 1600 As deposited 1.62 
»2 YZ-191 Methane 2000 As deposited 1.93 
13 YZ-192 Methane 2000 As deposited 2.05 
14 YZ-193 Methane 2000 As deposited 2.08 
6 YZ-131 Propst>e 1250 1900°C 2.08 
7 YZ-131 Propene 1250 2200°C 2.09 
8 YZ-131 Propene 1250 2500°C 2.08 

15 YZ-196 Propene 1250 As deposited 2.01 
16 YZ-196 Propene 1250 1900°C 2.03 
17 YZ-196 Propene 1250 22C0°C 2.03 

have examined several controls and irradiated specimens 
derived from methane and propene. Some of the 
irradiated specimens examined had accumulated 
fluences as [iigh as 3.2 X 10 2 2 r.-utrons/cm2 (E > 50 
keV)at7IS0C. 

For tlie •jnirn.diated controls, those deposited from 
methane at 2000°C had virtually no porosity, and those 
deposited from propene at 1250°C had a signifcant 
amount of porosity. Under the deposition conditions 
cited, the pyrocarbor. derived from methane was 
anisotropic, an'' *hat derived from propene was iso
tropic. The rougher starting su faces of the control for 
the methane-derived pyrocarbon (Fig. 11.18c) vs that 
derived from propene (Fig. 11.19c) can be explained by 
the fact that the methane-derived material is more 
anisotropic and more graphitic. This caused it to cleave 
and shear rather than polish, as the pyrocarbon derived 
from piopene did. 

The results of the SEM examinations of these 
materials after irradiation show graphically the changes 
created by ,he fast-neutron damage and the differences 
in the resistance to the damage by the different 
materials. In the unirradiated condition, die polished 
specimen shown in Fig. 11.18a is only 0.0032 in. thick 
in the direction parallel with the c axis of the graphite 
crystallites of the pyrocarbon. Under a fluence of 3.2 X 
10 2 2 neutrons' .n 2 (E > 50 keV) accumulated at 
715°C, ;his thickness increased by a maximum of more 
than 500%, while the width and length decreased by 50 
and 53% respectively.12 This observation cleanly illus
trates the ability of graphite to make these large 
dimensional changes plastically without cracking. 

In contrast, the dimensions of the isotropic pyro
carbon derived from propene decreased approximately 
5% under the same irradiation conditions. A com
parison of Figs. l).\9d and 11.19c shows that uY: 
original surface roughened during irradiation. 

11.9 TEXTURE DETERMINATIONS 

E. S. Bomar O. B. Cavin 

We described previously an optical technique used for 
determining the anuotropy of graphites of interest to 
the Gas-Cooled Reactor Program.13 This technique is 
being adapted to evaluate the anisolropy of surface 
sealants placed on graphites for MSR applications. The 
optical technique is suitable for highly localized anisot-
ropy determinations, while x-ray diffraction can be 
used to measure the average bulk properties. In order to 
correlate the values obtained from the optical and x-ray 
techniques, samples are being prepared which are 
suitable for either technique. 

We continued to use the sphere technique described 
previously to arrive at the average anisotropy ci" bulk 
graphites.14 The spherical sample, however, is not 
amenable to texMre determinations of a surface coat
ing. Therefore, wv; are using thin Hat samples of the 
coating extracted from the surface of Poco AXM 
substrate. In the ;>ast it has been necessary to have 
samples 10 to 20 mils thick, most of which was 
substrate, mounted onto a glass backing plate for 
holding during the spectrometer run. The glass con-

12. Personal communication from C. R. Kennedy and H. 
Keating. 

13. O. B. Cavin and D. M. Hewette II, MSR Program 
Sermanm. Progr. Rep. Feb. 29, 1972, ORNL-4782, pp. 
149-50. 

14. O. B. Cavin, MSR Program Semunnu. Progr. Rep. Aug. 
31,1969. ORNL-4449. pT 172. 
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Fig. 11.19. Pyrocarbon strip derived from propene at f 25(fC. (*. 
X \0i2 neutrons/cm2 (£ > 50 keV) at 7I5°C. 

PMC 10 0 0 W - 7 3 
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tributes to the background scatter, particularly at the 
low scattering angles near the basal plane peak. We are 
now using silicon single-crystal wafers for mounting 
pLtes. The crystal is cut so that no crystallographic 
planes which diffract the copper Ka (A = 1.5418 A) x 
rays are parallel with the surface on which the sample is 
mounted. This gives an extremely low background 
count which makes the weak peak* easier to detect. As 
a result of this low background, we can reduce the 
required thickness or die ssr.:pie. Now, instead cf Lie 
usual 10 to 20 mils, much of which was substrate, 
samples 2 to 3 mils thick are used from which 
essentially ail the substrate has been removed. Hence, it 
is possible to determine the x-ray anisotropy values of 
graphite coatings independent of the substrate by using 
the spectrometer and counter technique. We prefer the 
counter over the film technique used by others1 s ' 1 6 

because an intermediate step of film developing and 
recorded density measuring is eliminated. In the 
counter technique, the intensity values are recorded 
directly on a computer-compatible paper tape., which 
greatly reduces the man-hours required for arrivi .g at 
an anisotropy value. 

Samples from which the x-ray data have been 
obtained will then be studied optically to arrive at an 
optical anisotropy factor (OPTAF) value. 

We havs done additional work with the Leitz micro
scope and photometer to improve the quality of the 
OPTAF measurements. The information obtained led to 

15. G. E. Bacon,/ Appi. Chan 6,477 (1956). 
16. R. J. Price and J. C. Bckros,/ Appi Phyy 36, 1897 

(1*65). 

several mechanical alterations to the equipment, de
fined operational limits for light intensity and voltage 
applied to the photomultiplier tube, and helped in the 
selection of an operational procedure to give repro
ducible results. 

After examining the elements in the optical path of 
the microscope and after a discussion with Leitz, we 
removed a plain-glass reflector and a prismatic diffuser 
plate to avoid an error in the apparent intensity of 
eUiptically polarized light reflected from pyrolytic 
carbon samples. 

We tested the performance of the photomultiptier 
tube and the associated electronic components by 
measuring the OPTAF of a graphite single crystal over a 
range of uicideni light intensities and voltages applied 
to the photomultiplier. The resulting OPTAF was not 
constar.i, although the values formed an irreguhu 
plateau for tube voltages ranging from 830 to 1120 V. 
Scatter in the data became very large under conditions 
requiring a correction for dark current: namely, very 
low light levels or low voltage to the tube. We found a 
marked improvement in the consistency of the OPTAF 
for the i.ingle-crystal graphite sample when a 10-in. 
recorder was substituted for the 3%-in. meter on die 
picoammeter to read die current from die photomulti
plier tube. The improvement was due in part to die 
increased precision of die larger scale, but, ia addition, 
a comparison with die picoammeter results showed a 
bias in die latter instrument. 

Pyrolytic carbon standards are being prepared by C. 
B. Pollock to permit correfraon between our particular 
OPTAF equipment and the x-ray-oetermined Bicon 
anisotropy factor. 
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12. Hastelloy N 
H. E McCoy 

Prior studies have shown that a modified alloy of 
Hastelloy N containing about 2% Ti will likely h«ve 
adequate resistance to embrittlement by neutron irra
diation. Several small commercial heats of this composi
tion have been obtained for evaluation. S? nples of 
these alloys and standard Hasteiloy N were irradiated to 
a high thermal-neutron fluence in the HFIR to evaluate 
the effects o' high heaum concentrations on the 
mechanical properties. Corrosion experiments involving 
Haste".cy N and tn-o austcnitic stainless steels exposed 
to fuel and coolant salts are in progress. The compati
bility ot !Ia>tel)oy N with steam for potential use in 
steam generators is being evaluated in a facility at 
TV A s Bull Run Steam Plant. 

12.1 MECHANICAL PROPERTIES OF SEVERAL 
COMMERCIAL HEATS OF MODIFIED 

HASTELLOY N 

H. E. McCoy B. McNabb 

Five small commercial melts have been tested curing 
this reporting period. All alloys were received in tne 
form of Vj-in.-thick plates. The vendor's chemical 
analyses are given in Table 12.1. The first two alloys 
were made by the same vendor, both with nominal 
additions of 2% titanium but utilizing two different 
melting procedures. A 120-lb melt was made by vacuum 
induction melting (VIM), and two electrodes were cast. 
One electrode was remelted by consumable electrode 
remelting (CEVM) under vacuum, and the other elec
trode was remelted under a protective slag (ESR). The 
third alloy, also with a nominal addition of 2% 
titanium, was prepared by another vendor using VIM 

and CEVM processes. The last two ai'oys have hafnium 
additions. Although the electrode that was remehed by 
the ESR process was initially overcharged with haf
nium, the slag extracted so much of die hafnium that 
die final alloy contained only 0.3% hafnium. The alloy 
that was melted by the VIM and CEVM processes had 
0.7% hafnium. 

These alloys we.-e first subjected to voidability tests. 
Filler wire was prepared from the same material as the 
test plates by cutting V2-in.-square strips and swaging 
them to %2 in. m diameter (for use in the first three 
weld passes) and % hi. in diameter (for the remaining 
passes). The weld test plates were prepared with a bevel 
so that the included angle for the weld deposit was 
100°. The welds were examined visually after every prss 
and periodically with dye penetrant. Side-bend samples 
% in. thick were cut fron the welds and bent around a 
%-in.-diam mandrel. Ml of the alloys passed die 
wettability test except heat 72-115, which contained 
0.7% hafnium. The root pass cracked in the first test 
weld. A second weld was made in which the first three 
passes were made with standard Hastelloy N tiller metal 
(heat 5005). These three passes looked excellent, but 
when the weld sequence was continued with three 
passes of heat 72-115, numerous cracks formed. This 
weld was ground out, and the entire weld was made 
with standard Hastelloy N filler metal. The weld looked 
excellent, and the side-bend specimens were free of 
cracks (Fig. 12.1). 

Transverse weld samples that include base metal, 
fusion zone, and weld metal were prepared from all 
alloys. Samples from two of die heats that were 
modified with about 2% titanium have received limited 

Table 12 1 Veadot chemical oompoutiom on acmal beato of Modified llarteloy N parte 

Heat Concentntkm (wt %) Melting* 
number Cr Mo Fe C Si Mn P S Al B Ti Hf Zr process 

71-114 7.24 12.03 0.06 0.05 0.04 0.01 0.002 0.005 0.12 0.002 1.96 VJM + CEVM 
17-583 7.21 12.16 0.06 0.04 0.05 0.01 0.002 0.004 0.12 0.001 1.79 YTM + ERS 
72-503 6.96 12.95 0.32 0.06 0.01 0.01 0.001 0.003 0.001 1.94 V1M + CEVM 
72-604 6.87 11.90 0.07 0.09 0.09 0.07 0.003 0.003 0.12 <0.001 0.3 o.w> VIM + ESR 
72-115 6.87 11.90 0.07 0.09 0.09 0.07 0.003 0.003 0.12 <0.001 0.7 0.02 VIM • CEVM 

aVIM = vacuum induction melt. 
CEVM = consumable electrode vacuum m«lt 
HSR - ekctroslag remelt. 
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The samples %vx examined with dye penetrant, and no flaws were visible. 

TaMel2_2. Ci«?nror«*tiesat650oCandS5j000naio<t*el of two aPoys 

ncx 
nabex Postwdd anneal Rupture life 

(hr) 

71-114 Base metal, annealed 1 hi at 11S0*C !19.0 
As welded 6«.0 
8h?at870*C 3.9 
lhra980*C 5.6 

71583 Base tibial, annealed 1 hr at 1180°C 63.1 
As*eMri 6.8 
8hr*870*C 2.4 
IhratttOfC 2.3 

Mmjfflpm 
creep rate 

0.14 
0.034 
0.25 
0.26 
0.11 
0.055 
0.25 
0.38 

Rapture strain 

44.3 
6.11 
7.6 
8.1 

314 
3.4 
4.9 
6.6 

Reduction 
in area 
(%) 

45.8 
31.6 
33.2 
22.5 
26.6 

9.9 
24.7 
29.8 

testing, and the results are summarized in Table 12.2. 
The following points seem important concerning h e 
:reep behavior of these heats at 650°C. 

1. Welds have lower rupture lives, creep rates, and 
fracture strains than the base metal. 

2. Postwdd heat treatments at 870 and 980°C decrease 
the rupture life over that of the as-welded material, 
increase the minimum creep rate, and have only 
slight effects on the fracture strain. 

Samples of the base meta! of all five heats listed in 
Table 12.1 have been creep tested at 650°C. As shown 
in Fig, 112, the stress-rupture properties of all five 
heats were superior to those of standard Hastelloy N. 
Within the scatter of the data, the three titanium-
modified alloys, and heat 72-602, containing 0.3% 
hafnium, had about equivalent properties. Heat 72-115, 
with 0.7% hafnium, had superior properties. The creep 

rates 3e these same heats at 650°C are shown in Fig. 
12.3. The three titanium-modified alloys had about 
equivalent creep strength, and the data indicated that 
they were generally stronger than standard Hastelloy N. 
The two hafnium-modified alloys were even stronger 
than the titanium- modified alloys. 

Some testing of these five heats was also done at 
760°C. The stress-rupture properties (Fig. 12.4) of heat 
72-604, with 0.3% hafnium, were about equivalent to 
those of standard Hastelloy N, and the properties of the 
othei alloys were superior. The creep rates of these 
heats are shown in Fig. 12.5. Heat 72 115, with 0.7% 
hafnium, was considerably stronger than standard Has
telloy N, and the other alloys were generally slightly 
stronger. 

Samples of alloy 71-114 (i.96% Ti) and 71-583 
(1.79% Ti) were irradiated to a thermal fluence of 3 X 
IO 1 0 neutrons/cm2 at 650 and 760°C and nostinadia-
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tion creep tested at 65Q°C. The stress-rapture prop
erties are shown in Fig ! 2.6. The rupture time at a 
given stress level was reduced by irradiator, but is still 
superior to that of standard Hastelloy N irradiated at 
650 and 760°C. This large effect of inadiation tempera
ture on standard Hastelloy N was attributed to changes 

in carbide structure.1 The microstructurei. ot the 
current alloys have not been characterized, but it is 

1. K. K. McCoy and R. F. Gehlbach. "'Influence of Irradiation 
Temperature or the Creep-Rupture Properties of Hastelloy N." 
Mud Technol. 11 (1). 45 (1971). 

0RM.-DWG 73-840 

Fig. 12 J . Stre&Hraptue properties at 6S(fC of several beau of modified HasteBoy N. 

o o o 

V, 
ui a: 
tn 

70 

60 

50 

40 

cO 

20 

to 

0HNL-OWG 73-841 

o 71-114(1.96% Ti) 
A 71-583 (1.79% Ti) 
o 72-503 (1.94 %Ti) 
• 72-604 (021. Hf) 
A 72-115 (0.7% Hf) 

K> -4 ,Q-3 ,0-2 10"' 
VWMUM CREEP RATE (%/hr) 

F%. 12.3. Cret •»rates at 650°C of several heats of modified HarteOoy N. 

10° 



120 

likely that the poorer properties observed after irradia
tion at 760°C compared with 650 3C are due to changes 
in carbide structure. The minimi-m creep rates of these 
samples are shown in Fig. 12.7. Before irradiation, these 
alioys had minimum creep rates about equivalent to 
those of standard unirradiated Hastellcy N (Fig. 12.3) 
Irradiation caused an increase in the mini' im creep 
rate at high stress levels, but had little effect at low 
stresses. Irradiation temperature did not have awy 
deferable ef act on the creep rate. 

The property change of most concern in Hastelloy N 
during irradiation is ihe reduction in the fracture strain. 
This parameter is shown in Fig. 12.8 for alloys 71-114 
and 71-583. Both alloys had fracture strains many times 
those for standard Hastelloy N. Alloy 71-583, with 
1.79% titanium, had slightly lower fracture strains when 
irradiated at 760°C than at 650°C, but alloy 71-114, 
with 1.%% Ti, did not show any detectable effect of 
irradiation temperature. 

In summary, small commercial heats of an alloy 
containing nominally 2% titanium have showu satisfac
tory weldability, uninadiated mechanical properties, 
and mechanical properties affer irradiation. Fnuier 
development of this alloy will a vait a clearer under
standing of the effects of composition on the suscepti
bility to intergranular cracking, discussed in Chap. 10. 

12.2 IRRADIATION OF HASTELLOY N 
IN THE HFIR 

H. E. McCoy 

There is increasing evidence that Ni will transmi e to 
helium by a thermal-neutron reaction.2 We had as
sumed previously that' °B would be the primaiy source 
of helium in Hastelloy N irradiated in an MSBR, and, 

1 A. A. Bauer and M. Kangilaski, "Helium Generation in 
Stainless Steel and Nickel," / NucL Mater. 42, 91-95 (1972). 
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since this reaction would approach compt^tentss at a 
the-inakieutron fluence of about S X 1 0 3 0 neu
trons/cm3, higher neutron fluences would have no 
further effect on the amount of helium. The possibility 
of low-cross-section thermal transmutation that would 
produce helium from Ni presents the possibility that 
die above assumptions are incorrect and that helium 
could continue to build up with increasing neutron 
fluence. There are many ways of limiting the thermal-
neutron fluence received by an MSBR vessel, but in 
optimizing the reactor design we need a better under
standing of how the properties of Hastelloy N vary with 
helium content. 

The current experiment was run for three cycles in 
the HFIR at a design temperature of 6S0 ± 25°C 
to a peak thermal fluence of 1.6 X 10 3 3 neu-
trops/cm3. This fluerce is considerably above the 
maximum that we have considered for an MSBR. 
Engel3 has calculated on the basis of the information 
currently available that the helium content was most 
likely 1300 atom ppm in the Hastelloy N at the center 
line of the experiment and 350 ppm at the ends of the 
experiment. The minimum estimates for these positions 
are 150 and SO ppm. 

The geometry of the test samples is shown in Fig. 
12.9. The samples fitted in a %-in.-OD aluminum tube 
that was positioned in a peripheral target position in the 
HFIR. The samples were maintained at an elevated 
ter.sperature by a balance between gamma heating and 

the He-filled gap between the specimen and the cooled 
holder. The experiment included four heats of material: 
(1) heat 5065, standard air melted, (2) heat 5911, 
standard vacuum melted, (3) heat 70727, modified with 
2.1% Ti, and (4) he*.t 72115, modified with 0.7% 
hafnium. 

The irradiated samples were postirradiated creep 
tested at 650°C, and the results are shown in Fig. 
12.10. Although previous tests of these heats after 
lower fluences exhibited marked differences in postirra-
diation creep properties among the different heats, at 
this extremely hî h flue»ice the results for all four heais 
fall into a rathe; narrow scatter band. The rupture lives 
and fracture strains were reduced drastically compared 
with those for unirradiated Hastelloy N and are 
significantly below those for another heat of standard 
Hastelloy N irradiated io 1.5 X 10 2 1 neutrons/cm3 in 
the MSRE.4 This MSRF, exposure was the highest 
fluence to which Hastelloy N had been irradiated prior 
to this experiment. Although this was well beyond the 
point of boron burnout, it is clear from the results 
shown in Fig. 12.10 that &e factor of 10 higher fluence 
in the current experiment had a more deleterious effect. 

3. J. R. Engel, ORNL, personal communication. 
4. H. E. McCoy, An Evaluation of the Molten-Salt Realtor 

Experiment Hastelloy N Surveillance Specimens - Fourth 
Group, ORNL-TM-3<Xl3 (1971). 



123 

OPNC-Ofo 73-847 

+0000 

0.047 ±0.002 

SQUARE CORNERS 
(TYPICAL) 

+0OOG 

° - , € 0 5 ^ 5 5 ? ° » A M 

ALL DIMENSIONS IN iSCHES 

Rg. «2.9. HasteHoyN creep 

CtNTERS NOT 
PERMISSIBLE 

tf, = 0.0798 i g g D.AM 

Oz = 0.0808 t ^ O S 0 , A M 

R = 0 . 1 2 5 + 0.005 

ntheHFlR. 

80 

70 

ORNL-OWC 75-846 

imi i i ! ! i ! ! i TTrmrr T T T 
o HEAT 50654 HFiR, 1.6 atO 2 2 a«i*W»/e«i2 

A HEAT 5911, HFIR, 1.6%WZZ neufiw/cm2 

D HEAT 70727 HFSR.lSalO^neutrwsA*!* 
0 HEAT 72M5, HFtR, 1.6* 1 0 2 8 neotwiw/em2 

• HEAT 6085, MStfE, ISiilO 2* ntutnwsAm* 
f » 

RUPTURE TIME (he) 

Fjg. 12.10. Stress-rupture properties of several heat* of HastefluY N imdfctert st MCC to ttr tndkttc* Hmmi 
tested at 6S0°C. The nimbers by each point indicate the stiatr. 



124 

The data in Fife. 12.10 suggest again the possibility 
that there may be some stress below which irradiation 
has practically no effect on the stress-rupture prop
erties. The deterioration of properties in material 
containing He is generally attributed to the stress-
induced growth of He bubbles to the extent that 
cohesion between the grains is reduced. The conditions 
required for a bubble to grow as rapidly as vacancies (or 
more He) can diffuse to the bubble are described by:5 

oc = 0.76y/r9, 

where ae h the critical stnaf, 7 is the surface tension, 
and i*. b the bubble ^.^1*. Assuming that the stress 
below r/'ich the presence of He has no effect is about 
10,000 psi and that the surface energy is 1500 
dynes/cm, the He btsofte* iarger than 165 A could 
undergo unlimited growth. Such a diameter is not 
unreasonable fojed on our electron microscope observa-
tions on other sawipks. 

The expufiy poor properties of the diverse heats m 
this experiment after a thermal fluence of 1.6 X 10" 
unitroas/cm1 indicate that the properties of any 
Hastefloy N irradiated to such an extremely high 
fiueace wfl probably not be acceptable. Further experi
ments wifl be required to determine the maximum 
tolerable hetium level in our modified alloys. 

123 SALT CORROSION STUDIES 

J. W. Roger 

The success of an MSBR *s strongly iepcndent on the 
compatibility of the container materials with the 
molten salts used in die primary and secondary circuits 
of the reactor. Nickel-base alloys, more spectfcalty 
tiasteBoy N ?od its irjodificatiom, are conadweu ttut 
moat ptoBusmg for use in molten salts and have 
received the rnoit attention. The major constituents of 
Hastefloy N are tucket, molybdenum, chromium, and 
iron. Chromium constitutes about 1% of he aDoy and 
forms the most staWe fluoride. Thus corroaon is 
normaCy manifested by the selective removal of chro
mium. Staimess steels dtat have mote chromium than 
Hastefloy N are gener Jry more susceptible to corrosion 
by fluoride melt*. 

Salts of interest to us are LiF4teFa based with 
additions of UF 4 (fuel), ThF4 (blanket), or ThF4 and 
UF 4 (fertue-fhsae), and a NaBF«-NaF nrixt'ire (coolant 
salt). Lig±xfi, beryllium, sodium, and thorium fluo-

5. D. H. Htrnn, / $ht. Nud. Energy Sac. 5, 74 (1966), 

rides are stable under anticipuuHi operating conditions. 
H«?wever, several different oxk*izing reactions may-
occur, depending on the salt composition and impurity 
content. Among the most important reactants that can 
cause corrosion are UF„ l ;eF 2 , and HF. The reaction 
of chromium (in the metal) with F?F2 and HF proceeds 
to completion at relevant temperatures. The reaction of 
UF 4 with Cr (in the metal) to form CrF3 and UF 3 soon 
reaches equilibrium in an isothermal sys'tvm. The 
equilibrium constant has a small temperature depend
ence, however, so a mechanism exists in nonisotJiermal 
systems for continued chromium removal in hot regions 
and deposition in cooler regions, while a steady-state 
amount of corrosion-product chronuun* rentains in the 
salt This phenomenon, called temperature-gradient 
mass transfer, would be expected to occur in a ruclear 
reactor, where the temperature in the primary circuit 
would be a maximum at the reactor outlet and a 
nunhnum in the heat exchanger. Because the products 
of oxidation of metals by fluoride melts are quite 
soluble in the corroding media, passivation is precluded, 
and the corrosion rate depends on other factors, 
including the Ihermodyriamic driving force of me 
corrosion reactions. At steady state the rate vf corro
sion is generally limited by die rate of diffusion of the 
chromium through die alloy to die hot surface where it 
is being removed. Corrosion by temperature-gradient 
mass transfer involving selective removal of chromium 
occurs in aO of our nonis<4hermal systems. Under 
abnormal oxidizing conditions (as in fluoroborate sys-
terrs containing water), other constitutents of Hastelloy 
N 'jesides chromium can be removed. Therefore, design 
of a practical system utilizing mdten fluoride salts 
dsi-.issu* the selection of salt constituents that are not 
appreciably reduced by avaSable stnictural metals and 
alloys whose components can be in near thermo
dynamic equilibrium with die salt medium. 

The experirumts discussed in this section are being 
conducted primarily to determine quantitatively the 
asiwunts of corrosion in various salt-alloy systems and 
were designed and operated to show the effects of 
variables such as alloy constituent temperature, salt 
impurities, salt velocities, and exposure times. Thsse 
experiments involve 11 format-convection loops which 
provide nonisothermai dynamic conditions. Nine of die 
loops are constructed of Hasteiloy N and two of 
stainless steel. Some have been in operation for up to 
nine years; others were started during mis report 
period. 

The status of *he diermal-convection loops in opera
tion at the end of this period is summarized in Tabb 
12.3. Recently there has been increased interest in 
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laMel2 .3 States of MSR ?*ogram ttennal-conwctk • loops tlwongli 31,1972 

Loop No. Loop material Specimens Salt type 
Sah 

composition 
(mok%> 

Max. 
temp. 
ro 

AT 
CO 

Operating 
time 
On) 

1258 Type 30;L 
stainless sted 

Type 304L stainless 
sted** 

Fad Lfr-BeF2-ZfF4-UF4-Thr-4 

(70-23-5-1-1) 
688 100 79,367 

NCL-13A HastdtoyN Has*eBoy N:Ti-
mooified Hastciloy 
N controls*-' 

Coolant NaBF4-NaF (92-8) pfes 
tritinv additions 

687 125 33379 

NCL-14 HastdloyN TMDodtfied HasteBoy 
N * ' 

Coobnd NaBr4-NaF (92-8) 607 150 42,154 

NCL-15A HastdloyN Tt-modiried HasteSoy 
N; HastdloyN 
controls*-' 

Blanket UF-3dVThF4<73-2-25) 677 55 35,416 

>iCL-16 HastdloyN Ti-iBodified HasteBoy 
N;!IastefloyN 
controls*-' 

Fod LF-BeF2-UF4 
(653-34.003) 

704 17C 37,942* 

NCL-16A HastdPoyN HasteBoy N, one Te-
coated HaileBoy N*' c 

t-u Lr-BeF 2-UF 4 

(653-34.0-03) 
704 170 1,729 

NCL-P HastdloyN HastetoyN;Ti-
modifted HasteSoy 
N controls*'' 

Coolant NaBF4-NaF (92-8) 
pins steam additions 

607 100 27,817 

NCL-18A HastdloyN fiastdloy N * ' Fertae-fmfc LSV-BCF 2 -TBF 4 -UF 4 

(68-20-11.7-0.3) 
704 170 67, 

NCL-19A HastdloyN KastekoyN;Ti-
modified HasteUoy 
N controls*'' 

Fertfle-fissae lJF-BdVThf 44.fF 4 

(6S-20-11.7-0.3) pins 
bisnmn a moiybdVna n 
hot finger 

704 170 22,203 

NCL-20 HasteOoyN HasteBoy N;Ti-
modified Hastefloy 
N controls*' 

Coolant NaBF4-N*F (92-8) 687 250 19,928* 

NCL-20A HastdloyN KastdloyN;Ti-
<r.udified Hastdloy 
N controls*'" 

Coobnt NaBF4-NaF (9241? 687 250 1.682 

WCL-21 H&tfe&iV N HasteBoyN6'' MSREf.d Lf-BdVZfF 4 -UF 4 

(6S.4-29.1-5.04£) 
*S0 110 9,793 

NCL-22 Type 316 
stainless sted 

Type 316 stainless 
sted*' 

Ferite-fiattl Lf -BdVThF 4 4ff 4 

(68-20-11.7-0.3) 
650 110 342 

'Specimens in hot leg only. 
Removable specimepj. 

'Specimens in hoi and cold legs. 
"Salt and specimen dunce*!, restarted as NCL-I6A. 
eSatt and speebnem changed, restarted as NCL-20A. 
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stainless steels because oi their apparent resistance to 
cracking by fission products (sec Char*. 10). Thus, 
experiments to more carefully define the ccmparibiity 
of stainless steels and other candidate alloys with 
various salts have begun. The results obtained from two 
pumped loop* containing NaBF4-NaF are discussed in 
Sect. \ZA. 

12 J.I Fad Salt 

Loop '258, constructed of type 304L sairdess steel, 
has no* completed nine ycirs of operation with 
Lif-BeFz-Zrf^TbF, -UF« (70-23-5-1-1 mde %). Dur
ing the current report period the specimens were not 
(xamined to determine weight changes. The chromium 
content of the salt renuuiied at about 580 ppm. The 
loop continues to operate sat'sfactoriry. 

NCL 21 is a HasfeQoy N therms-convection loop, 
with removable KjsteOoy N specimens in each leg, 
containing saU of the same composition as the MSRE 
fuel. The loop is equipped with electrochemical probes 
to measure the U*7U** ratio of the salt Such probes 
had been used successfully in small static systems, and 
this experiment is designed to evaluate their possible 
use for on-stream analysis hi a large system. Descrip
tions of die loop and the probes have been given 
previously.*'7 Nr corrosion scTcanens were in ihe loop 
during this report period because various experiments 
were being conducted by members of ths Analytical 
Chemistry Division (see Analytical Chemistry section of 
the report). The maximum corrosion rai? while speci
mens were in the loop was 0.02 mi/year. 

The experiment u which we added FeF2 to the 
Hsstelloy N thermal-cooYectioTi loop (NCL-16) to study 
cracking under severe oxidizing conditions has ended. 
The loop contained UF-8eF2-UF4 (65.5-34.0-0.5 mole 
%) at a maximum temperature of 704°C and a £kT of 
150°C. After 29,509 hr of operation, two additions of 
FeF2 (500 ppm each) were made, and die loop 
operated 6901 hr after the additions. Cracks to a depth 
of 05 ad were seen 2887 hr after the first FeF2 

addition, but only voids wete seen after the last 1000 
hr. Extensive exammation of the specimens will now be 
undertaken. 

New salt, of the same basic composition but leu 
oxidizing, was added to the loop (TOW designated 
NCL-16A), and operation was resumed at the tempera-
!w» conditions of NCL-16. Standard HasteUoy N 

6. I. W. Kc»f», MSR Progtim SemHtm. Prop- *«P- Aug. 31, 
1971, ORNL-472*. pp. 143-*5. 

7. J, M. Dale taA K. S. Meyer, MSR Progrtm Semknm. 
fro*. Rep. Aug 31,1971, ORNL-472S, p*. 69-70. 

specimens and one tellurium-coated HasteUoy N speci
men were placed in thr loop, with the main object 
being to determine if the teUun.-m will transfer through 
the salt to other specimens in the loop. Since then the 
loop has operated for over 1700 hr. After 1300 hr, die 
loss of materai from the hottest Hastelloy N specimen 
was only 0.06 mg/cm2, but the tellurium-coated speci
men at the same position had Jcsi 1.6 mg/cm2. The 
amount of material lost was equal to the amount of 
tellurium placed on the specimen initially- Analyses 
showed the presence of 1 jig/cm2 of tellurium on a 
specimen from the cold leg which had a total weight 
•unof0.8mg/cni2. 

123.2 Fcstfle-FaokSatt 

A fertile-fissile MSBR salt list circulated for over 
22,000 hr in Hastelloy N loop NCL-19A, which has 
removable specimens in each leg and includes bismuth 
in a molybdenum vessel located in an appendage 
beneath the hot leg of the loop. The test has two 
purposes: (1) to confirm the compatibility of Hastelloy 
N with the salt and (2) to determine if bismuth wil he 
picked up by the salt and carried through the loop. The 
weight changes of various corrosion specimens are 
shown in Fig, 12.11. Assuming uniform loss, die 
maximum weight loss of 0.7 mg/cm2 is equivalent to * 
corrosion rate of on.y 0.02 mM/year. A modified 
Hastelloy N alley (Ni-13.0% Mo-8.5% Cr~0.i% 
Fe-0.8% Ti—1J6% Mb) has lost less weight than a 
standard alioy at die same temperature. We attribute 
mis difference to die low iron in the modified alloy 
compared with about 5% Fe ii» die standard alloy. 
Principal corrosion reactions in this loop appear to be 

2UF4(s) • C<m) * 2UF3(s) + CrF2(s) 

and 

FeF2(s) + C n » ** Fe(m) • CrF2(s), 

where m and s refer to die metallic and dissolved (in 
salt) stites respectively. The chromium content of die 
salt increased 178 ppm in 15,000 hr, and ihe bismudi 
concentration remained below the limit of detection 
(10 ppm). The bismuth in contact with die sait seems to 
have had no effect on our mass transfer results 

Loop NCL-18, constructed of itandaru Hastefloy N 
and containing removable corrosior. specimens in each 
leg, operated for over two years with the fertile-Issik 
salt mixture.8 The n uximum weight loss at ihe highest 

8. J. W. Koger, MSR Prcrrcm Semknum. i>o*r. Rep Aug 31, 
1970. ORNL4622.pt 168. 

http://ORNL4622.pt
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temperature, 704°C, was l.S mg/cm2, which is equiva
lent to a cotTosioti rate of 0.0S mi/year, asuiining 
uniform attack. Operation of NCL-18 ceased when an 
electrical short in one of the main heaters burned a hole 
in the loop piping. The loop was repaired by replacing 
the hot leg, jew specimens were installed, and the 
loop was fdied with new salt. The rebuit loop, 
designate*! NCL-18A, has now operated for over 600 hr. 

As discussed in Chap. 10, stainless sleek appear to 
resist cracking by several fission products more dan 
many of the nickel-base alloys, particularly Hasteatoy N. 
We have constructed and are operating a type 316 
sinless steel mermal-comrction loop (NCL-22) which 
contains the single-region MSBR fertiie-fissaV salt. The 
purpose of the experiment is to determine the compati
bility of the stainless steel with the highly purified salt. 
In this first test, our maximum temperature is 649°C 
(!200°F) with a AT* of i!0°C. The loop has now 
operated over 300 hr. 

12JJ. * 4 «*s 
Loop NCL-154, constructed of standard Hasieiloy N 

and containing removable specimens in each leg, has 
operated over four years with the LtF-BerVThF* 
blanket salt proposed for a two-fluid MSBR. Mass 
transfer, as measured by the change of chroruuin 
concentration in the salt, has been very smafl. The 
maximum corrosion rate indicated by specimen weight 
chances is 0.06 mil/year (assuming uniform rcnoval of 
all aBoy constituents). 

123.4 Coolant Salt 

Loops NCL-I3A and NCL-14, constructed of stand
ard Hastelloy N and containing removable specimens in 

each leg, have operated for 3.8 and 4.8 yean, respect
ively, with the fluoroborate mixture NaBF«-NaF (92-8 
mole %). The maximum corrosion rite (a 
ufuform removal of al constituents) at the 
temperature, 605*C, has averaged 0.7 mi/year for both 
loops. Examaaauoa of sptrnmvt has shown tfiat 
corrosion has seneialy been selective toward cfc"o-
mium, but then; have been short periods when there 
was general attack of tK Hastefloy M. These periods 

a the gas fines or hi bal vaive seals 
impurities into the saiL The valves are 

ex|>osedtoarifo;rj*reofHc.^BF}g«sandnottosalt 
We attribute the leaks of the bal valves to corrosion 
induced by av aad moisture iaieakaae from hattsfeco 
the gas msxmit. AJthouga the ovenS canomom Bates in 
these loops are not excessive, the rUt-s ofeeroeg m she 
absMoc qf teria. have been an order of rmgirifcde tower 
man me averayv rate. 

' oop NCI -17, constructed of standard Hasteloy N 
and containing lemuvable specimens m each teg. is 
being used to dtteranue the effect of steam injection en 
the mi» ticasier •haracteristks of the fiurrcborate salt 
mixhue. After 1000 hr cf normal operaO/M, steam was 
ia> jcted into the salL* The loop has now operated over 
20,000 hr foSowmg that injection. There was a large 
increase an weight change during the fast 239 hr after 
steam infection, and another abrnpt change in the rate 
of weight change occurred at 10,178 hr because of a 
leal: in the cover gas system; however, the overs! mass 
tunsfer rate decreased st̂ adfty following these two 
events. 

9. J. W, 
/979,OftNL-4»22.».17Q. 

ibat Amg. St. 
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possibility of a penetration through the tubing whie 
overlaying, die healers were temporarily wired back in 
place ami the leer was drained. This significant repair 
was made without problems and without penetration of 
die loop watt. New salt was ther placed in die loop 
(now designated as loop NCL-20A), and die loop began 
operation at its previous conditions. 

After die termination of NCL-20, die specimens from 
die hot and cold legs were weighed and analyzed to 
evaluate the mass transfer in die system. Figure 12.12 
mows the veigh! change of several specimens for die 
entire run. The specimens in die hottest position of 
NCL-20,685°C, showed the greatest k**, 14.4 rng/ccr, 
for the modified Hastdkjy N in 19,300 hr. The 
maximum corrosion rate (assuming unifonn loss) was 
0.29 md/year. The maximum weight gain, measured on 
a specimen in die cold leg, was 4.0 mg/cmx. 

The mkropaphs of ore hottest and coldest standard 
Hasteiioy M vxmn from NCL-20 **e shown « F ^ 
!18J. Toe hottest and coldest ipetiinrni were abo 
analyzed by scanning electron microscopy (SEM) and 
x-ray fluorescence (x-ray fluorescence was ihJuced 
from bonareiunreat by ike electron beam of me 
SEM).1* A riew of the surf ace of the hot leg specimen 
is show* in Fig. 12.14. The surface has a seiuyoMshed 
apnetiame with many areas which have been under
mined with labyrinths ci holes aad channels. The aras 
pictured were cosnposed priarerfly of aeckel and moiyb-
demsm (71 ana 29% respectively} win* ex ti emery low 
iron (03799 and chfonwum (<D.1%). Ftgwe 1X15 

10. Anvjrs* p h O M by L. D. Huns of me Aaayoca! 

.ecButsMHahs2M, 

m~—~~.> A i.i - i l i — - — ^ — I I J I I I I - • * — • — I . I . N * • . ii • , 1 I i l i l 

0 2U,.' 4000 €000 S00O «*0OO 1^000 f4£00 AfiOO «jOOC 20000 
THS£ OF OPERffHON (tr) 

Hs. 12.12. W<b>t <snr#wof HMIIOIJ W nj• ihiini tmm NCL-29 140mI »*•§*„-—f (*14nwts *)as»luacnoaof ore* 

A leak in the gas line between die two surge tanks of 
NCL-17 was detected * die last six-month period. 
FohVnving this .uscovery iht specimens we removed, 
exataiaed, and weighed. Over the 4841-nr exposure 
prior to t!»e leak the maximum weight loss was 2.9 
are/car2, which conespoads to 1 conosion rate of 0.2 
anVyear (1 miming uaiibrai material removal). Over die 
entire Mre of the loop, including 1000 hr of normal 
operation, steam addition, and 22375 hr after steam 
die maximuni corrosion rate b 1.6 mis/year. The leak 
was repaned aad the loop is continuing operatioa. 

Loop NCI 20, constructed of standard Hasteloy N 
aad rnwliiaiag removable specimens in each Sec. was 
tfimiaand after 19,928 hr of operation with die 
fluoroborate coolant salt t*. the extreme temperature 
coriditjons considered for the MSBR secondary circuit 
(687*C max aad 438*C mm). Foreed-air COOK* of die 
cotf leg was feqjaired to obtain Jiu A*'. For ore first 
11900 hr of captation ore maximum corrosion rate 
was 0.2 an /year. Then a regalator fanure slowed some 
'̂ oisfure to leak into iut loop and ifwasfd are 
aaauaaas corrosion rate to 0.7 ml/year. During are 
hat 4797 hr, ore average rate (assuming asflfona lore) 
wc0.4maVyearand wwhTy Jiirssjag, 

During ore tret few huadrH hours of NCL20 
upnaiiun, variations in flow were noted. The salt was 
froeen ia ore I'jop, and lire heaters were reaoved to 
ntairaor ore loop aad the heaters. We found that ore 
loop ojaaog had been severer* tanged aad pitted 
Because of direct contact with dse heater wire. The 
arereatiag baavreg noraiairy used to separate ore heu'er 
t<t ore ruwreg had slipped out of place. We decided ti. 
ouberepahsby ovedayiag llaswJoy N nretrlial on ore 
damaged porfjcws of ore tataag. Because of ore 
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F*. 12.14. 
%) for 19.300 hr at 6SS*C. (a) 100GX (ft) 5000X 

of ahrtkg Croat NCL-20. Expo* J m NaBF4-NaF (92-8 

shows the surface of the specimen from die crfid leg. 
Many of the gnim appear to have a semblance of cubic 
symmetry with possible growth steps. One would not 
expect the grains of the original afluy substrate to have 
this much cubic symmetry. The concentrations of 
dements from dm area are 65% Ni, 23% Fe, 0.5% Cr, 
and 11% Mo. 

Loop NGU20A has now operated for over 1600 hr. 
After the corrosion specimens had been exposed to the 
salt for 884 hr, they were removed and examined. At 
the sate? time we added an amount of KBF,OH to the 
loop equivalent to a concentration of 500 ppm in the 
ssJt (KBF,0H was used because it was easier to 
prepare than NaBF30H.) The BF,0H~ ion is the 
product of the reaction of H 2 0 and NaBF4 and we are 
interested in its effect on mass transfer. Our experience 
has indicated that corrosion in fluoroborate systems is 
due largely to impurities, particularly water. Reactions 

that are believed to be involved include1' the follow
ing 

H aO + NaBF4 *NaBF 30H + HF , 

NaBF,OH * NaBF30 + HF , 

6HF • 6NaF • 2Cr * 2Na3CrF« • 3H, . 

These may be combined to give 

6NaBF3OH + 6NaF + 2Cr 

*6NaBF 2 0 • 2Na3CrF4 + 3H2 

11 Although duomiam is the most '.eadiiy oxidized constit-
of Hattefloy N, under certain cc.idftiora HF wil attack aH 

the alloy constituents. 
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Fig. 12.15. Scanning efectron micrographs of the surface of a cold leg specimen from NCL-20. Exposed to NaBF4-NaF (92-8 
mole %) for 19,300 hr at 460°C. 5000X. 

and 

3H 20 + 3NaBF4+6NaF 

* 3NaBF20 + 2Na3CrF6 + 3H2 . 

Thus both the BF3OH" initially in the salt and any 
H } 0 that may be admitted later can play a par: in 
corrosion. This experiment is designed to quantitatively 
measure the effect of BF3OH " on the mass transfer. 

During the first two months of operation of loop 
NCL-20A, a heater has burned out and two gas leaks 
have been found in the ball valve above the hot leg. One 
of the gas leaks occurred after the KBF3OH addition. 
With the gas leaks and the KBF3OH addition, weight 
changes of the corrosion specimens have been fairly 
large (Table 12.4). Although the data suggest that the 
KBF3OH addition has increased the rate of mass 
transfer, the experimentj complications preclude any 
firm conclusion, and the experiment will be repeated. 

We hive initiated isothermal capsule tests in which 
type 304 stainless steel specimens in four type 304 

stainless steel capsules are exposed to NaBF4-NaF (92-£ 
mole %) at 482, 538, 593, and 649°C. During the first 
300 hr all specimens lost weight, with those in the 
hottest capsule losing the most, in the next 475 hr the 
specimens exposed at 593 and 649°C gained weight and 
had brown splotches and pitlike areas on the surface, 

Table 12.4. Wefcht changes of HasteUoy N 
specimens from NCL-20A 

l ine 
(hi) 

Weight change (mg/cm2) 
Hot-leg specimen 

(687°C) 
Cold-leg specimen 

(482°C) 

Maximum 
corrosion rate 

(mis/year) 

310* -1.1 
479* -4.7 
433* -6.8 

+0.5 
• 1.5 
•3.0" 

1.37 
3.79 
6.07 

'Specimens removed because of heater failure. 
Specimen! removed because of leaking ball valve. 

^Specimens removed because of leaking bill valve. KBF3OH 
added during this period. 

Metallic crystals found on specimen. 
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while the lowei-tempcrature specimens continued to 
lose weight. During the last 835 hr very little change 
was measured for any of the specimens. Table 12.S 
gives all the weight change results to date. In compari
son, Hastelloy N specimens exposed to the fluoroborate 
mixture in simitar isor.Vnmal capsules showed no 
measurable weight changes after 4830 hr at tempera
tures up to M^'C.1 * 

12.3.5 Corrosion of Type 304L Stainless Steel and 
Hastelloy N by Mixtures of Boron Trifluoride, 

Air, and Argon 

In the years that we have operated corrosion and 
engineering systems with the fluoroborate mixture, 
questions have arisen concerning the compatibility of 
BF3 with various container materia Results have 
ranged from poor to excellent depending mainly on the 
purity of the BF3 and the gases mixed with it. Becau ; 
of the venation of results, we conducted an experiment 
in which type 304L stain'ess steel and Hastelloy N were 
exposed to argon, air, DF3, and mixtures of each for 
100 hr at temperatures from 200 to 600°C. In addition 
the metal specimens were placed with approximately 20 
g each of the single-region fertile-fissile salt [LiF-BeF2-
TI1F4-UF4 (68-20-11.7-0.3 mole %)J and the fluorobo-
rate mixture fNaBF4~NaF (92-8 mole %)] while ex
posed fc> the gases. 

Table 1X6 gives the results for the metal salt combi
nations exposed to various gases at 600°C for 100 hr. 
As expected, air in combination with the fluoride salts 
produced highly corrosive conditions which destroyed 
not only the specimens but the nickel boats. None of 
the weight changes measured for the Hastelloy N 
immersed in salt and exposed io any of the gas mixtures 
other than air were significant. For the stainless steel 
f̂C'Hwns immersed in salt, BF3 probably caused the 

greater attack. The fluoroborate mixture was more 
aggressive toward the stainless steel than the fuel salt. 
The weight losses (as opposed to weight gains) occurred 
because the corrosion products were removed from the 
specimens by the salt and dissolved. 

Table 127 gives the results for alloys exposed to the 
various gas mixtures at temperatures from 200 to 
600°C for 100 hr. In most cases, weight gains were 
femd, since the corrosion products remained on the 
specimens and were not carried away. 

At 600°C, the only significant changes measured for 
Kasielloy N were in fhe mixtures containing air. These 

Table 12.5. Weight change of type 304 stainless steel specimens 
exposed to NaBF4-NaF (92-8 mole %) for 1300 hr 

re-npeiature (°C) Weight change (mg/cm ) 

482 -0.16 
538 -0.32 
593 0 
649 +0.8 

Table 12.6. WeajM changes of Hasteloy N and type 304L 
stainless steel exposed to various gases while immersed 

in fluoride salts at 600°C for 100 h» 
Gas flow 100 cc/min 

Salt 
Weight change (mg/cm2) 

Material Salt 
Argon* BF 3

f t Airc Ar-BF3 

Hastelloy N d C.C~ +0.03 e 0 

f +0.06 0 e -0.06 

Type 304L stainless d -0.3 -0 .3 e -1.6 
steel f -1.2 -5 .2 e -2 .4 

a 24 ppm moisture. 
b 

12. J. W. Koger. MSR Program Semiannu. Progr. Rep. Feb. 
28, 1970, ORNL-4548, p. 246. 

50 ppm moisture. 
c7.5 pp»n moisture. 
*/LiF-3eF2ThF4-UF4 (68-20-11.7-0.3 mole %) fuel salt. 
These specimens were completely destroyed. 

/NaBF4-NaF (92-8 mole %) coolant salt. 

changes can be attributed to the small amount of 
chromium in Hastelloy N and its low resistance to air 
oxidation. At 200 and 300°C, all changes were rather 
small. 

Figure 12.16 shows type 304L stainless stf?el exposed 
to several gas mixtures. The stainless steel specimen in 
Fig. 12.f6tf was exposed to air at 200°C. The air-BF3 

mixture produced a large arrr^nt of chromium oxide 
and iron oxide on the stainless steel at 600°C which was 
easily removed (Fig. 12.16ft). The stainless steel speci
men on which the oxides were formed is shown in Fig. 
12.16c. Boron trifluoride, by itself, at 600°C also 
produced a large amount of corrosion product on the 
stainless steel and was more aggressive man argon. 
Significant weight gains of the stainless steel specimens 
were produced by all gas mixtures except air at 300 and 
600°C. At 200°C, most changes were rather small. 
Reaction of ine stainless steel with argon, air, and an 
argon-BF3 mixture resulted in a red corrosion product, 
while reaction with BF3 by itself resulted in the 
formation cf white material on the surface. These red 
bnd white corrosion products could not be identified by 
x-ray analyses, but contained iron, chromium, oxygen, 
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rig. 12.16. Type 304L stainless steel exposed to several gas mixtures, (a) Exposed to air at 200°C for 100 hr. (b) Exposed to 
Ar-BFs fcr 100 hr at 600°C. (c) Reaction product formed on the sample in b. 
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Table 12.7. Weight changes of Hastr'loy N iod type 304L stainless steel exposed to varioes 
ga»s at 200 to 600°C for 100 h» 

Gas flow 100 cm/nun 

Material Temperature 
CO 

Weight change (mg/?m J> 
Material Temperature 

CO Argona Argon* B F / Air* Ar-BF3

a Ar-BF3* Air-BF3 Ar-Air2 

Hastelloy N 600 +0.06 +005 0 •K).: -0.03 +0.03 +0.2 -0.1 
300* 0 0 +0.2 +0.03 +003 +0.3 0 0 
200 +0.03 -0.03 -0.03 +0.03 0 0 0 -0.03 

Type 304L stainless steel 600 +0.1 +0.05 +5.2 +0.03 +0.22 +0.05 +1I9.2 7 +0.S 
300' +0.3* +0.1? +3.3'' -0-03* *5.85' +:.o +25.4 + 10.0' 
200 +0.05 +C.03 0 0 0 0 -1.2 +0.2 

^24 ppm moisture in the argon. 
2 ppm moisti're in the argon, passed through heated Ti sponge. 

c <50 ppm moisture. 
7.5 ppm moisture. 

'Near gas entrance. 
'Larpe amount of oxide on surface. Identified by x-ray diffraction as 25 mole % C r 2 0 3 and 75 mole % F e 2 0 3 . 
* Adherent red layer on surface. 

Large amount of white material on surface. Nonadherent, 0.0290 g removed. 
'.Large amount of »?d material on surface. Nonadherent, 0.0745 g removed. 
'Large amount of material flaked off. 

and fluorine where BF3 was involved. Thus, the 
conosion products were probably complex mixtures of 
metal oxides and fluorides. 

The use of drier argon (2 ppm moisture as opposed to 
17 opm moisture) lowered the weight gain of the 
stainless steel specimens by about a factor of 2. The 
change was more dramatic when the argon was used 
with BF 3 . Even though air had almost no effect on the 
stainless .eel, the air-BF3 mixture hud the worst effect 
of any of the gases, even much worse than jus. 3F 3 . 
The an in combination with argon also produced more 
corrosion products than either of the two gases by 
themselves. In combination with salt, BF3 had the 
worst effect. These results underline the problems that 
can result in a system which allows air or moisture to 
come in contact with molten fluoride sails or with the 
BF3 vapor. 

With the exception of the effect of air at 600°C, 
Hastelloy N was much more resistant to corrosion than 
the type 304L stainless steel. 

12.3.6 Oxide Additions to Sodium Fluoroborate1 3 

The possibility of tritium retention in fluoroborate 
salt by the introduction of a small concentration (10 to 
50 ppm) of hydroxide is being investigated. Normally, 

13. D. D. Sood, Bhabha Atomic Research Centre, Bombay, 
India, assisted in thie> work while on assignment at ORNL. 

OH" present in the salt reacts with the constituents of 
Pfcstelloy N to yield hydrogen, which diffuses through 
the metal. One of the pos; iWe reactions for this is: 

2NaBF3OH + Cr^ CrF2 + 2NaBF20 + H2 . 

This reaction indicates the possibility of retaining i 
higher concentration of OH" in the sal if sufficient 
NaBF20 can be dissolved in the coolant salt without 
appreciaole corrosion of Hastelloy N. 

Investigations along these lines were conducted in a 
static system for 1703 hr. A mixture of approximately 
33% NaBF20, 33% NaBF<, and 33% NaF (NaBF20 
was prepared from NaBF30H obtained from the 
Reactor Chemistry Division) was added to 3.3 kg of an 
NaBF4-NaF (92-8 mote %) mixture to give approxi
mately 350 ppm oxide in the salt in which Hastelloy N 
specimens were placed. The Hastelloy N corrosion 
specimens had a weight loss of 1.5 mg/cm2 after 200 hr 
of exposure. An analysis of a salt sample laken at this 
time showed that the nickel concentration of the salt 
had increased from 20 to 100 ppm. There was a slight 
increase in the concentration of iron (from 170 to 250 
ppm), while the concentrations of chromium and 
molybdenum remained essentially constant. The O2" 
and OH" concentrations were foun J to be 650 and 17 
ppm respectively. It is likely that impurities were 
responsible for the corrosion. In all o:her time intervals 
the specimens grined weight, and the concentration of 
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nickc1 sene rally decreased. The concentration cf 3ll the 
other constituents remained constant with an increase 
S chroiii.iim ir.»?7i 15 to 28 ppm. In the tinv? period 
between 474 ard 804 hr the specimens gained nr-
average of 5 > ig/cm J. -J-:T:' jstec' «•? a gain of about i?.2 
or 0.3 mg/cm2 rn other imervaiv Metallic crystallites 
were deposited on the cooler region', of the specimen 
holder during this period, and the nickel concent ration 
decreased to its original level. The crystallites were 
found to be essentially pure nickel, with 0.4% copper. 
0.2*2 iron, and 1.5^ rmsybdenum. Only small weight 
gains were then found for the }a;4 l>00 hi of the test, 
resulting in 3*1 average specimen weight js;n of 5.3 
mg/cm2 for the entire test. 

We concluded from the test that the NaBF 2 0 did not 
cause corrosion of tire Hasteliov N specimens, but 
reduced impurity Huorides tha* deposited on the neial 
surface. 

12.4 FORCEDOONVECTION LOOP 
CORROSION STUDIES 

W. R. Huntley J. W. Koger 

12.4.2 Opention of Forced-Convection 
Loop MSR-FCL-1A 

Corrosion loop MSR-FCL-IA continued to operate 
during this report period. This test is evaluating the 
compatibility of standard Hastelloy N with NaBF4-NaF 
(92-8 mole fy) coolant salt at temperatures similar to 
those expecied in the MSBR secondly circuit. The 
loop is fabricated of V2-in.-OD, 0.042-in.-wall tubing, 
and the nominal salt velocity is 5% fps. Hastelloy N 
corrosion test specimens are exposed to circulating salt 
at 620, 548, and 454°C. 

A scheduled shutdown for examination of the cor
rosion test specimens occurred on March 14, 1972, 
after loop operation for 3994 hr at design conditions. 
The corrosion specimens were removed by the normal 
procedure of cutting sections out of the loop piping 
after the loop had been drained and cooled to room 
temperature. The specimens were examined and other 
Icop repairs ,v.nde before resuming optration on April 
13, 1972. The next scheduled shutdown was made on 
July 12, 1972, after 2103 hr of additional exposure for 
a total operating time 01 6102 hr. The corrosion 
specimens were again examined, and operation was 
resumed on Augu?t 16, 1972 

The allowable operating time for bearings and seals in 
the LFB salt pump was increased from 2000 to 4000 hr 
due to the long bearing life expected at the present 
pump speed of 3000 rp>n. Oil leakage rates from the 

met'hajiicat seal were norma/ ttV"<i»ghout th«? first 
-*J0C-hr operating period and ranged frori i 10 7 
ce/day. The be.t-in£> and seals appeared m good 
condition after 4000 hr of operation, but they were 
replaced as a precautionary measure when the pump 
was reassembled. 

We encountered problems with the brushes and slip 
rings of the Aiiustospede motor that drives the LFB 
salt pump. Frequent honing of the slip rings is required 
to prevent arcing 2nd loss of rotating sperc?. Several 
types of graphite and carbon b? jshes were used in an 
attempt to improve brush life and reduce arcing, but 
mis proved ineffective. Several of the brush foBuics 
resulted in JM'IIW'IC shutdown of the loop and loss of 
operating time. New brushJess variable-speed motors 
h^ve been ordered to eliminate ihis recurring problem. 

12.4.2 Corrosion Resvlte from Forced-CowvectkMi 
Loop* SR-FCL-1A 

The Hastelloy N specimens were weighed and ex
amined after 3994 hr of operation. The specimens had 
been previously removed after 2000 h r . M As expected, 
the three specimens exposed to the salt at me highest 
temperature, 620°C, showed the m*>~ weight lots. The 
average weight loss for this second 2000-hr intent*'. was 
10.8 mg/cm 2, as opposed to 19 mg/cm1 for th* first 
2000 hr. One of the specimens exposed at 548°C was 
badly damaged due to an undefined erosion-corrosion 
process and was^not mcluded in the weight-change 
evaluation. The average weight loas for the other two 
specimens at this position was about 1.0 mg/cm 2. One 
of the specimens exposed at 454°C, the lowest tempera
ture, lost weight, while the other gained weight, 
resulting in an average weight change of zero at this 
position. 

The salt chemistry changes throughout the 2 X 0 hr 
were quite sm&Ji and indicated small amounts of mass 
transfer. However, the corrosion rate was quite high, 
with the specimens exposed at 670°C losing weight at a 
rate of about 2 mils/year (assuming uniform removal). 

The damaged specimen mentioned above was the first 
of the three exposed to the salt at 54«°C. The damage 
was primarily at the leading edge. The leading edge of 
the Hastelloy N specimen holder immediately adjacent 
to th. iamaj^d specimen was not harmed. 

During the 'ast test period of 2108 hr, the specimens 
exposed at 620°C lost 4.6 mg/cm 2 , the specimens at 
548°C lost 0.5 ig/cm 2, and the specimens at 454°C 

14. W. R. Huntley and J. W. Kognr, MSR Program Semkmnt. 
Progr. Rep. Feb. 29, 1972, ORNL-4782, p. 179. 
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gained 0.38 mg/cm2. The maximum cotvosion rate 
during the 2108-hr period w*s 0.8 mi/year, turning 
uniform issoeutjon. The weight changes were much 
smaller this tin*? period than in the two previous 
2O004i? n,iv% and the maximum corrosion rate <*as h«'f 
mat of the previous 2000 hr. The overall maxim un 
corrosio.i rate for the entire 6102-hr run is about 2 
mis/year. 

12.4.3 Opef»tioaofFofc«M:owect*OB 
Loop M5R-FCL 2 

Fofced-convection loop Mf.R-FCL-2 is bessi* u«ed 
to evaluate the corrosion and mass transfer of stand
ard HasteSoy N t» sodium fluorrJfoerate coobm 
at nommal velocities of 10 and 20 fps. Y&* test 
contains three sets of removable corrosion specimens 
exposed to salt at 610, 537, and 4549C. This t*st his an 
improved assign which permits easy removal and 
insertkm of corrosion specimens and allows ind.'Mdttal 
study of the effects of velocity, temperature, afkd lime 
on mass tranter. 

Corrosion loop MSR-FCL-2 operated routine!} 
throughov.' March and April 1972 except for minor 
p-.ottenis. For example, the test was automacicafly 
placed in *»andby" condition d»e to an electrical 
power dip in March, and was automatically shut down 
twice in April due to faulty brushes CM the crive molar 
of the pump. Each of these outsits was brief, and the 
test was placed in operation again cuickly. The experi
ment was stopped on April 1/ fo: a scheduled 
examination of the corrosion specimens and operation 
was resumed on April 20. 

Operation of the loop was halted on April 28, when 
an ofl lexk occurred at a soft-sofo>rcd seal plug m the 
upper end of the ALPHA pump shaft. The salt was 
drained from the piping system and the loop cooled ss 
soon as possible after the incident. No fire or major 
damage occurred as a result of the leak, but i' ww 
necessary to remove insulation and shim stock below 
the pump to clti>c out the oil leakage. There were no 
indications that the corrosion b&p or corrosion speci
mens were damaged as a result of the oil fcak. The leak 
in the pump shaft was repaired without ttmovmg the 
pump from the piping system, as described in detail in 
Sect 3.S.2. All loop and pump repairs were completed 
•od the test was readied for salt filling on May 25. 

During refilling <A the salt system, two of the three 
drain lines leading from the dump tank to the system 
tiipuig did not pass salt due to some type of restrictive 
plugging. This caustd helium bubbles to be trapped in 
portions of the loop piping as the salt levek rose and 

caused the salt level to exceed the desired levels in the 
mcL:llurgkal sample stations. The loop w ŝ drained <uid 
cooled to room temperature so the ball valves and f.as 
lines above the metallurgical sample Nations could be 
disassembled and freed of salt which ha' frozen in these 
unhealed regions. Th? ball section* of the three ball 
valves were removed and replaced vrtlh flat copper 
gaskets so the lines could be heated to 2?k<w the molten 
salt to dra*n back into the loop piping- The t>*!l valves 
were then reassembled and the corrosion specimens 
were withdrawn and ex^mned to see ii significant 
corrosio.; dsirû -r had occurred during these operation** 
problems. The maximum weight ioss of V.i: specimens 
was 0.3 mg/cm2 (0.6 mil/year corrosion rate, assuming 
uniform dissohition), which indicted th*t diahf con-
taminatkm had occurred since the preceding osprcticn. 

The cause of the plugged drain lines is not known. In 
retrospect it can be seen that they became plugged 
during C ? 5300-hr period of operation p» ̂ ceding the 
oil leak from the pump shift. During that period, the 
salt was never drained from the piping system, so siaric 
salt remained in these small ('4-in. OO, 0.Q3S-in. wall) 
unhealed lines. The plugged lines were cleared by 
heating to temperature* several hundred degrees higher 
than those used during two preceding filling operations 
early in the loop ii history. Temperatures up to 650°C 
were reauifed to loosen the plugged lines. This suggests 
that some long-term phenomenon such as deposition of 
a rug£i-melting compound may have occurred in Ihe 
sections of drain lines near the main loop piping. A 
similar problem was erxountered on ihermAl-conve'tion 
loop NCL-20, where prolonged heating of *he drain 
lines at 650°C w& necessary to dram tne sodium 
ftuor^borate mixture alter 20.000 hr of operation To 
reduce the probability t-t future plugging in MSR-
FCL-2, we are now operating all static drain lines 
adjacent to the circulate salt system at temperatures 
greater than those of the circulating salt. 

The vent line from the seal oil catch basin of the 
ALPHA pump has been troubled with solid crystal 
growths and acid forma'ion due 10 moist air reaction 
with BFj (<&!%) present in the helium purge flow. A 
small room-temperature trap filled wuh Ascarite (N%OH 
granules in an &sbt m% base) ha: been installed at the 
end of the vent lint to remove the BF3 by formation of 
sodium borate 2nd sodium fluoroborate. The effective
ness of the trap will be evaluated in forthcoming 
operation. 

Normal operation of MSR-FCL-2 was resumed on 
August 10 and continued smoothly through the end of 
the report period, by 'ahich time a total of 5789 hr had 
been accumulated at design conditions. 
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12.4.4 Corrosion keso!t& from Forcti-Conrectior 
Looo MSit-FCL-2 

Examination of the corrosion specimens from »!SR-
FCL-2 after the April 17 shutdown disclosed onvmu-
onsly decreasing corrosion rates through 5100 nr of 
exposure (Table 12.8). Over the last !~i50 hr, the 
corrosion rate of ihe hottest specimens <62U°C) was 
0.06 i-til/year (assuming uniform dissolution). No veloc
ity effect hss been seen for the last 2200 hr. The 
corroden rate at 620°C 'or the entire 5100-hr run was 
a 48 mil/year for specimens exposed to salt at 10.8 fps 
and 0 .6 / mil/year for specmer^ exposed to salt at 20.9 
fp* Half ihe eptire weig>f loss occurred during the first 
450 hr. Almost no weight changes were measured for 
the. qjecimens exposed at 454 and 537°C for the 'ast 
i25C hr. Our data indicate that the controlling corro
sion mechanism over die last 2300 hr (no velocity 
eP'ect) was probably solid-state diffusion in the alloy. 

12.5 CORROSION OF HASTEIXOY N iN STEAM 

B McNabb H. E. McCoy 

There is more favorable experience with HasteUoy N 
in fluoride salts *.** fluoroborate than with any other 
structural metal, if the cracking due to tellurium 
described m Chap. 10 can be overcome, it would be 
desirable to use this samp material of construction 
throughout the MS6R salt systems, including die sftam 
generator. A smalt program is therefore being con
ducted to determine whether HasteKoy N is compatible 
with steam. 

Unstressed specimens of Hastelloy N appear to be 
compatible with steam at 538 and 593°C. The average 
weight gain after '3,000 hr exposure in TVA's Bull Run 
facility at 538*C for air- and vacuum-melted Hastelloy 
N is 0.45 mg/cm 3 . Assuming uniform removal of metal, 
mis would be equivalent to Jess than 0.25 mil/year of 
metal being oxidized. 

Some of the Hastelloy N specimens were amoved for 
detailed examination after 10,000 hr exposure X 
538°C, and preliminary observations were reported 
previously.1 $ The compositions of mese heat? of 
Hastelloy N are given in T.«We 12.9. Microprobe 
examination of the metallographic samples has been 
completed. 1 e Occasional nodules or blisters of oxide 
having a maximum penetration into the metal of 0.4 
mil were observed in the standard Hastelloy N" speci-

15. R. McNabb ami H. E. McCoy, MSR Program Ssttianau. 
Prog.. Rep. Feb. 29, I9J2. ORNL-4782, p. 183. 

16. H. Matecr, R. S. Crouse. and T. J. Henson. ORNL, private 
communication. 

TMie U S - Conoaoa saw « ' IWHIILJ K jpuiiiwnjmoM* 
to Natt^-NaF :r?t m*e Zi at 42S*C 

as a tactm cf « * aatf *ek**y 

luut CofioaoB rate* (mb/year) 
•twval Yete?«jr of Veaoo'iy <a 

fhr> !0.9 S/n 20.1 tp* 

Entire 5 ICO 0.48 0.6? 
Last 4650 0.27 3.36 
Lis* 4200 0.17 0.25 
Last 3320 0.09 0.1 S 
Last 2330 Of* 0.0* 
Last 1250 0-Otr 0.0b 

-Asstsffi»j amtv VDI watte rial m a c < . 

mem. Figure 12.17 shows a mscrcprohe &sp*ay c f 
backscattered electrons (204cV accelerating voltage) 
from the surface of as-melted .Hasteuoy N. The oxide is 
complex. The outer layer appears enriched in Fe aarf 
Cr, and the interior of the nodule contacts softie o f this 
phase with a second phase ndi in Mo and an Si-rich 
network. The composition of the matrix appears 
unaffected just a short distance below the nodw.;'. 

Heat ?477 is a typical vacuum-melted heat wiv> low 
manganese ssd silicon (0.05 wt % each). Figure 12.18 
shows ta iptkaJ photomicrograph o f a crost sectioa of 
this material a ter exposure to steam for 10,«X)D nr at 
538°C. The compositions of the various microcsssdi-
uent* were JetTmined by microprobe analysis, and the 
nsults are shown in Fig. 12.18. The outer layer is 
enriched to Fe and Cr, and the second network layer is 
enriched in Cr and Mo. The third region has a metallic 
appearance, and is depleted in Fe, Cr, and Mo. The 
Si-rich network is not present, since this heat o f 
material contains only 0.05% Si. Figure 12.19 shows 
x-ray-fluorescence images of a region of the same 
sampb shown in Fig. 12.!8. The surface is enriched in 
Fe, Cr, and Mo, and a region beneath the oxide is 
d e l e t e d in the* elements. E*en though the surface 
layer is slightly depleted in Ni, the oxnle is primarily 
NiO. 

A sample of modified HasteUoy N, heat 21546 (Table 
12.9), had grain boundary penetrations of oxide up to 
about 10 mils after «xposure to steam at 538°C for 
10,000 hr. Figure 12.20 shows back*cst!*red electro i 
and x ray-fluorescence images of a typical area having 
grain boundary penetrations. The grain boundary ap 
pears to be slightly enriched in Fe and Cr and depleted 
in Ni. Another heat of modified Hastelloy N, heat 
70-727 (see Table 12.9), appeared to resist grain 
boundary penetration during 7330 hr exposure. Figure 



138 

;s 

N 

f 
I 

1 
m 

1 
2 
a i 

} a 
mm 

I 

jo 
z 

o © 
© c" v 

- % 8 

o 
© 

~ © 

o o 
V V 

o 
— c 

V V 

o o 
o d 
V V 

g g 
© c» 

V 

I o c» 
V 

o o 

2% 
V 

o d 

& © 
d d 

r« 

o o 

c 
o c5 

v 

© 

V 

0 

i 

,«1 

s o 
d d 

d d 

© — 

© © 

o 
d 

s s 
d d 
o 
C" c« 

V 

2 S d d v v 

2 S 
d d 
V V 

© - t * 
- - © » 
d d 
v v 

M' 
S 3 
d d 

V 

3 Z 
d d 

© © 

© d 

r> © 

I 8 2 s 



139 

B: 

42 Ni 
0.5 Si 
JO a 
11 Mo 
7F« 

5? Ni 
0.6 S; 
8Cr 

18 Mo 
2F« 

60 Ni 
0.8 Si 
7Cr 

12 Mo 
1 Fe 

72 Ni 
0.5 Si 
7Cr 

16 Mo 
4Fe 

Y- l 14387 

Backscaftcrftd FJectrons 

liMf ACE ANAIYSI5 
(5065, M-581, Met. 72877) 

F * 12.17. DM#br <>f teckvattend 
53TC fte 10,900 fcr. 2000X. 

froraa 

12.21 shows backscattered electron and x-ray-fluere$-
cence images of a cross section of a sample of heat 
70-727. The spedKiss had tiro surface layers, with the 
outer one enriched in Ni and Fe arifl the subsurface 
layer enriched m Ti, Cr, and Mo and depleted in Ni. 
Figure J 2.22 shows the backscattered electron and Ti 
x-ray-fluorescence images of a typical grain boundary. 
Titanium is concentrated in the grain boundaries (likely 
as carbides) and may stabilize them against grain 
boundary attack of the type observed in heat 21546. 

X-ray-diffraction patterns were run on the flat oxi
dized surface of each of the above specimens by 
Gehlbach.17 A typical set of da*a is shown in Table 
12.10. The peaks in the x-ray-diffraction patterns were 
indexed as NK), MoOj, a spinel, C1Q3, and "matrix'*. 
The matrix lines consisted of Hasteiloy N (a St 3.5 J A) 

17. R. E. Gehlbach, ORNi punt* co^mwnic*tkm. 

essentially pure Ni (a 3E 3.S3 A), and either a third set 
(a as 3.56 A) or a nearly continuous range between Ni 
and Hastefloy N. This indicates a depletion of Mo and 
Cr from 'he matrix due to oxidation with a resultant 
thin layer of Ni near die surface. Heat 70-727 had die 
thickest nickel layer, and heats 2! S46, 2477, *4:d 5065 
had significantly less. Valid estimates of the relative 
amounts of the oxides cannot be made at this time due 
to die lack of absolute intensity daf... However, die 
x-ray spectra are by far die strongest for NK) and 
weakest for Cr^03. The relative amounts of U<c oxides 
among the specimens appear similar, although thz total 
amounts may vary condderabfy. 

/tit*<ough the compatibility cf MastcHoy N with steam 
looks acceptable in the absence of stress, steam genera-
ton are stressed, and the effects of stress on die 
compatibility must he evaluated. Tube-burst specimens 
of two heats of Has elloy N (NI5095 and M35I0!) 
hare been fabricated nd installed in die Bull Run 
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SURFACE ANALYSIS 

(2477, M-5S2, Mot. 728761 
F%. 12.18. Optical f^nlo—iciognf* of a cms aectiaf) of 

S38*C Tfe* remfts of mkroprobe analyses are indicated. 100X. 
Ha tfetfoy N after i for 10,000 hr at 

Y-lMJM 

ELECTRO* BEAM 
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OF SURFACE 
(2477, M-582, Met. 72878) 

BACK3CATTERF0 ELECTRONS MoLa 

NiKa FeKa CrKo 

Pig. 12.19. SacksCTttered election and x-ray-fi^ whence tawfe* of d»e vacmsrunelted Haatdloy N sample inowa in Fjg. 12.18. 
2000X. 



141 

Y H I 4 M I 

ELECTRON BEAM 
SCANNING IMAGES 

121546, M-575. Met. 72879) 

BACKSC4TTERED ELECTRONS NiK« 

FtX« 

F«. 12-2LV Bacfcxartentf efcctm; 

CrKm MoLa 

i of mams* B M U O J N, heat 2154*. 2000x. 

facility after slight modifications to the specimen 
holder. There are presently ten instrumented tube-burst 
specimens in test at Tresses from 28,000 to 72,000 psi 
(specimen wall thicknesses vary from 0.0106 to 0.0302 
in.). The instrumented specnnens have a capiBary tube 
connected to the annulus of the double-wall tube-burst 
specimens to detect failure when steam enters the 
annulus. Thermocouples or. die capillary tubes are 
connected to a multipoint reorder. When steam enters 
the capillary tubing, it c&uses a temperature rise on the 
recorder that indicates rupture of the specimen. 

Figure 12.23 shows three specimens that faded at 4.0, 
27.4, and 99.7 hr. The reduced gage sections of these 
specimens were stressed at 66,000, 56,000, and 55,300 
psi. The specimens vere not removed until after 1000 
hr exposure to steam. The specimens at the two highest 
stresses failed with considerable deformation, and the 
specimen at the lowest stress failed after less deforma
tion. These difference* in the amount of deformation 
were reflected in the appearance of the fractures of 

these specimens (Fig. 12.24). The specimen at die 
higher stress had the most ductile fracture, being almost 
entirely shear (Fig. 12.24a). The sample at the inter
mediate stress had a mixed shear and intergranul**-
fracture (Fig. 12.246). The sample at the krcsst stress 
had an almost entirely iutergranular fracture mat b 
characteristic of high temperatures. 

There has been a considerable amount of scatter in 
the stress-rupture data for tubes tested in argon and 
steam environments. We suspected that flaws could be 
important in causing the scatter. Several specimens were 
ultrasonicalry inspected and compared with an dec-
tricar-dlschar^-machined flaw I mil deep and 52 mils 
long. Of 41 specimens inspected, 11 gave indications 
equal to or greater than the standard. The specimen 
wall thicknesses ranged from 0.011 to 0.020 <n. With an 
applied pressure of 3500 psi, a decrease of 1 mil in the 
wall thicknex wjuid increase the strefs on a 
0.020>in.-wall specimen by about 2000 psi, and on an 
0.01 J in-wall spe;imen by 6000 psi. / . notch or flaw of 
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Y-1I4M8 

BACKSCATTERED ELECTRONS T)K« MoL« 

NiK« FeKa 
ELECTRON BEAM SCANNING IMAGES Of SURFACE 

(70727, M-580, Met. 72929) 

Fit. 12J1. Badocatteted efectioa asd x-ray-flaor 

CrKa 

N, beat 70-727.2000X 

I-ml depth could have a greater effect than just the 
1-mi reduction in wall thickness, due to stress concen
tration at the tip of the notch or flaw. The length of the 
flaw and the sensitivity of the materiel tc cracks or 
flaws would influence the stress concentration factor. 
These stress concentrations due to the flaws present 
likely account for some of the scatter of the stress 
rupture data. Figure !2.?5 shows a control specimen 
tested in argon with an argo»» internal pressure of 3500 
pqg. It was tested at 538°C ani a stress of 40300 psi. 
Rupture occurred at 565,2 hr, which was much less 
than a similar specimen exposed to steam, still in test 
after 7000 hr. There are numerous cracks on the inade 

diameter which were probably present before test, 
although this specimen was not ultravonkalry inspected 
before testing. The ultrasonicaHy inspected specimens 
without flaws should help in defining the stress rupture 
properties in steam at 538°C. Some of the specimens 
with flaws will be tested in argon to determine the 
effect of flaws of this size on the stress-rupture 
properties. Due to tlie scatter in the data, no definite 
conclusions can be drawn at this time regarding the 
effect of steam on the stress-rupture properties of 
Hastelloy N tubes. In general the data points obtained 
in steam fall on the weak side of the scatter band of 
tests run iii «gor> 
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BACKSCATTERED ELECTRONS TiKa 

ELECTRON BEAM SCANNING iWAGES 
OF PRECIPITATES 

(70727 f M-580, Met. 72929) 

Fjg. 12 21. Backscattered etecLt>n and x-cay-fluorescenct jnages of a typical grain boundary of modified Hasteloy N, heat 
70-727. 2000x. 

Y- l 1499." 

HASTELLOY N TUBE BURST SPEC'MCN 
FAILED IN 4.0 hr I N STEAM AT 66,000 pv 

I ! I I I I I I I 

HASTELLOY N TUBE BU«T SPECIMEN 
FAILED IN 27.4 hr IN STEAM AT 54,000 p»i 

HASTEUCY N TUJE P/jRf/i SPECIMEN 
FAIlF.D IN 99.7 Hr IN S fcAM AT 55.300 p»; 

Fig. 12.23. Photograph of Hastdloy N tube-burst specimens stressed in steam at 538°C. The inner annulus of the concentric tube 
issembiy is exposed to the steam. 
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Table I2.'0. X-ray-diffraction pattern from surface of Hastelloy N, heat 70-727, exposed 
to steam at 538° C for 10.000 hr 

ReUtive 
intensity 

0.3 
0.3 

1? 
0.4 
0.5 
0.5 
1 
I 

80 
0.4 

30 
100 
75 
35 
10 
25 
0.2 
2 
0.3 
0.1 
0.5 

SO 
0.3 
0.3 

30 
0.5 
5 
4 

Planar 
spacing 

(A) 

Planes for the indicated compound having the spacing show.t at th_- left 

4.82 
3.63 
3414 
2.945 
2.706 
2 667 
2.515 
14"" 
2.414 
2.173 
2.C90 
2.069 
2.036 
1.792 
1.770 
1.764 
1.717 
1.707 
1.679 
1.601 
1328 
1.478 
1429 
1.402 
1.266 
1.260 
1.247 
1.207 

Face-centered 
cubic* NiO" Spinel 

HI 
HI 
200 
200 
200 

220 
220 

n: 
200 

111 

220 

311 

400 

220 

311 

222 

422 

440 

533 

MoO 

110,111 

311,220 
(Several) 

003 
131,315 

131,202 

C r 2 0 3 

104 

121 

no 
(Several) 
210,121 120 

3?« 

221 

220 
411 

"The diffraction', indicate t*iat the lattice cell ha»: 
A and Ni has a cell size of 333 A. 

ba =4.180 A. 
ca = 8.35 A. 

dimension varying from ' j26 to 3.584 A. Hastelioy N has a cell size of 3.58 
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Fig. P.24. Photomicrographs of the fractures of HasteOoy N tube-bant samples exposed to steam at 538°C. (a) Stressed at 
66,000 psi and failed in 4.0 hr, (b) stressed <it 56,000 psi and failed in 27.4 hr, and (c) stressed at 55,300 psi and failed in 99.7 hr. As 
polished. 
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Fftf. 12.25. Photomkrofrtphs of a Hasteftoy N ample £eit«d fe anjoa at 53TC tad 40300 pai and faikd in 565 hr. (a) Fracture. 
(b) Region away from fracture showing frequent cracks on the inside diameter of the tube. As polished. 
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13. Support for Chemical Processing 
J. R. DiStefano H. E. McCoy 

Processes involving the selective chemical reduction of 
materials from the fuel salt into liquid bismuth are 
being developed for high-performance molten-salt 
breeder applications. Materials for this application must 
withstand the corrosive effects of a number of environ
ments at 500 *o 650°C, such as HF-H2 udxtures, F 2 , 
molten-salt mixtures, and bismuth containing lithium 
and thorium. Molybdenum, tantalum (or tantalum 
alloys), and graphite appear promising for use with 
bismuth, and we have concentrated our studies on these 
materials. 

One major undertaking has been the construction of a 
molybdenum reductive-extraction tes* stand that win 
allow us to obtain metallurgical data as well as chemical 
processing data. Prior to construction, fabrication and 
joining procedures for molybdenum were developed, 
and during construction equipment has been developed 
for specific applications. 

We are also continuing our program to evaluate 
molybdenum, tantalum, T i l l (Ta-3% W-2% HO. 
Ta-10% W, brazing alloys, and graphite with bismuth-
lithium solutions under reprocessing! conHl.kms. 

13.1 CONSTRUCTION OF A MOLYBDENUM 
REDUCTIVE £XTRACTION TEST STAND 

J. R. DiStefano A. J. Moorhead 

Work *as continued on the construction of a molyb
denum reductive-extraction test stand for chemical 
processing studies. An unjoined mockup was con
structed with actual test-stand components to check for 
proper alignment and it reaffirm the step-oy-step 
fabrication sequence. A photograph oi th« mockup is 
shown in Fig. 13.1. The principal components of the 
test stand are a 1 *4-in.-OD X 5-ft-!ong packed column 
through which bismuth and salt streams will counter-
currently circulate, two 3%-in.-OD enlarged end sec
tions where the fluids will be separated, and two 
3%-in.-OD X 8-in.-long feed p*>ts containing removable 
orifices fo; controlling the flow rate. Four different 
tube sizes {% in. OD X 0.020 in. wall, % in. OD X 
0.02S in. wall, % tn. OD X 0.030 ht wad, and % in. 
OD X 0.080 in. wall) interconnect the various compo
nents. Details of the design of the test stand have been 
reported previously.! •* 

Three steps in construction of the test stand have 
been completed. (1) fabrication of back-extruded half 
lections and column, (2) machining of subassembly 

components, and (3) construction of unjo;ned mockup 
from test-stand components. We are now fabricating the 
feed pot and column subassemblies, litis involves 
joining tube stubs to die pots by either electron-beam 
welding or roll bonding and uVn, after assembbng afl 
internal components, joining the pot half sections 
together with an electron-beam girth weld. Intermediate 
steps in this phase of construction are helium leak 
checks or dye-pcneiram inspections of the nartiaily 
completed assemblies to ensure the integrity of each 
joint, and chemically vapor depositing tungsten on the 
inside of each pot where a rott-bonded joint l̂as been 
made. The final s*ep in subassembly fabrication will be 
to back braze each welded or rofl bonded cube-header 
joint and to braze a reinforcing band around the girth 
weld. Although the filler rmtal 42M (Fe-15% Mo-5% 
Ge-4% C-1% B) was previously selected for use in 
back brazing, experience gamed in fabricating a proto
type head pot has shown the '4-in.-OD molybdenum 
tubes brazed with this alloy to be brittle in the braze 
area.3 Therefore, we are evaluating several commerci«J 
filler metals to determine if they would be more 
satisfactory for back brazing whet € mechanical support 
of the join? is the primary requirement. 

The final step in construction will consist of intercon
necting the various subassemblies by field orbiting-trc 
welding. Each tube-to-tube weld joint will then have a 
sleeve brazed around it tor reinforcement. Details of the 
fabrication and joining studies related to construction 
of the test stand are reported id the following sections. 

13.2 WELDING OF MOLYBDENUM 

A. J. Moorhead 

During this report period all of the various lines of the 
molybdenum test stand were bent to shape and 
installed along with the extruded and machined compo
nent on the field assembly jig. The tubing was then 
stress-relieved for 69 mtn in vacuum at 900"C and cut 
at selected locations using our small abrasive-wheel 

1. E. L Nknobon, Conceptual Design and Development 
Program for the Molybdenum Reductive-Extraction Equipment 
Test Stand, ORNLCF-71-7-2 (inly 1,1971). 

2. J. K DiStefmn. MSR Program Senuannu. Progr. Rep. Aug. 
31,1971, ORNL-4728, pp. 163-69. 

3. J. R. DiStcfano and A. J. Moorhead, MSR Program 
Semiaimu. Prvgr. Rep. Feb. 29,1972, ORNL-4782, p. 194. 
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cutoff device. We also compl ted development of our 
welding procedures and began fabrication of the subas
semblies of the test stand. 

The final welding procedures developed were for the 
%• and l%-m.-dum tube-tube welds and the %-, %-, 
%-, ;ind %-in.-diam tube-tee welds. All of these welds 
were made in a vacuum-pumped, argon bacic-filled glove 
box. Sy extensively modifying a commercial orbiting-
arc weld hê d (Rytik), we were able to successfully join 
lengths of %-in.-OD X OOSO-in.-vall and 17s-m.OD X 
0.050-in.-wall molybdenum tubing to matching stubs 
which had been electron-beam welded to back-extruded 
half sections. The welding parameters for the V i a 
tube-tube weld (using a 'T'-shaped Mo insert) were: 
125 A, '/^-in. arc length, and a travel speed of 8.7 
in./min. The 1 '/g-in.-diam weld (required for the packed 
column of the test stand) was made at 120 A, V16-in. 
arc length, and a travel speed of 11 in./min without 

using a weld insert. Two w«*lds of each size were made, 
and all four were free of defects when inspected with 
fluorescent penetrant. 

Procedures were developed for miking the tube-tee 
welds (shown in Fig. 13.2) with another orbiting-arc 
head (Astroarc) in the argon-filled glove box. Although 
we have successfully demonstrated the ability to make 
tube-tube welds of this size in the "field" with this 
device,4 these tube-tee welds will be made in a chamber 
to avoid the problem of trying to locally shield these 
complex parts from oxidation when brazing a reinforc
ing sleeve around each weld. The welding parameters 
were basically those which had been developed earlier 
for tube-tube welds in the Held. However, we found 

4. A. J. Moorhead and T. R. Houiley, MSR Program 
Semiannu. Progr. Rep. Feb. 28, 1971, ORNL-4676, pp. 
220-21. 
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Pig. 13.2. Tubes (!<4 and % in. dtam) welded to morybdemiin tee oaag an orbiting-arc weld head. The weld insert that will be 
used in joining the two tubes is indicated by the arrow. 

that we had to increase our welding current about 10%, 
apparency due to the close proximity of the tee body 
to the weld joints. 

We have begun fabrication of the test-stand subassem
blies by making the eight required tube-io-header 
electron-beam welds. Two of these welds attach stubs 
of the 1 V8-in.-db.;n column tube to the disengaging 
sections. The other six are %-in.-diam welds required to 
attach the probe tube and other lines to the back-
extruded half sections. AH of thtse welds were free of 
defects when inspected with fluorescent penetrant 
excpt fo. the %-in. weld in the upper half of the 
bismuth feed pot. This weld contained pinholes in the 
outer circumference of the we'' bead and cracks in the 
trepan. The weld was mac1 mc' away and the joint 
reprepared. However, the sroom: weld was no better 
than the first, indicating that this extrusion contains a 
band of contamination which produced porosity and 
cracking in the weldment. This part is presently being 
replaced by z backup extruded half section. 

13.3 DEVELOPMENT OF BRAZING TECHNIQUES 
FOR FABRICATING THE MOLYBDENUM 

TEST LOOP 

N. C. Cole 

Portions of the molybdenum test s-̂ nd w* «l be brazed 
for two reasons: (1) mechanical support of welded or 

roll-bonded joints and (2) a backup seal should a leak 
develop in a roll-bomjed joint or a cracked weld. For 
the latter reason, we developed an iron-base brazing 
fifler metal (Fe-15% Mo-5% Ge-4% C -1% B) with 
adequate corrosion resistance to bismuth,5 As with any 
new filler metal, considerable development effort has 
been necessary to learn to apply it property. 

Braze joints of several different configurations are 
required, and a different method of brazing each is 
being developed. Ficurr 13.3 shows a large molyb
denum component joined to severs! molybdenum tubes 
and is a mockup of one of the feed pot subassemblies. 
All joints are identical to those on die test stand. On 
the ends, the small tubes were welded or roll bonded 
and then back brazed. A split sleeve was brazed over an 
electron-beam weld arornd the girth. All of these brazes 
were made at one tune in a large resistance-heater 
vacuum furnace, and the process was monitored by 
thermocouples and by visual observance of the braze 
flow. 

Figure 13.4 shows another type of brazed joint in 
which a head pot was joined to a short length of the 
l%-in.-diam molybdenum column and a split sleeve 
brazed around the weld in a large vacuum chamber. A 
helical induction coil was slipped over the sleeve, and 

5. N. C. Cok, MSh Progrrm Semkmm. Progr. Rep. Feb. 28, 
1971, ORNL-4676, pp. 221 -25 . 
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Pig. 13.3. Mockup of molybdenum upper dittnfaging section. («) Overall, (A) end view of tubc-to-boss braze, and (c) side view 
of sleeve brazed over ginli weld. 
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Fig-13.4. Mockvp of cohum joiMd SJ apper di 
C- !% B over a tungsten arc wdd in th* column . 

•ctsfr*. A spdit sfceve was brauci w*!h Fe-15% Mo-5% Ge-4% 

brazing was completed in 35 min by heating only the 
immediate area of the pot. Because of the mass involved 
and the characteristics of the induction machine, the 
heating rate was closely controlled, and the brazing 
temperature was monitored by a thermocouple placed 
under the edge of the split sleeve. Alternatively, we 
brazed this same l'4-i^ -di*m configuration by heating 
locally with a portable resistance heater. We now have 
the option of using either type of hearing, and ease of 
operaticr or accessibility will dictate which is used 
when fabricating the test stand. The portable resistance 
heater is a! x> capable of brazing all of the smaller tube 
joints, provided that there is enough space around the 
tubing to place - -in.-diam X S-in.-long insulated 
heater and the completed assembly will fit into a 
vacuum chamber. 

Figure 13.1 shows several nozzles protruding through 
the stainless steel flange o( the test stand. The nozzles 
are made of nickel or stainless steel, and all arc brazed 
to at least one molybdenum tube. In the joint design, 
we are using a combination of trepans and feeder holes 
to obtain proper flow of brazing filler metal into die 
joint. We have successfully brazed several mockups of 
these dissimilar metal joints (Fig. 13.5). 

A small amount of bismuth vapor may reach the 
stainless steei nozzle in the area of the nozzle-to-molyb
denum-tube braze. Therefore, it will be brazed with the 
iron-base filler metal. None of the nickel nozzle* should 
be exposed to bismuth, so we will braze them with a 
commercial brazing filler metal. Several filler metals 
were evaluated, but Au-18% Ni was selected because it 
flowed as well and had a lower brazing temperature 
than 'he nickel-base brazing filler metals. Each of the 
nozzle brazes will be made vertically in a vacuum 
furnace by resistance heating in the area of the nozzle 
only. To avoid several additional vveided and brazed 

Y-111576 

Fig. 13.5. k'odwp of 
to nolybdearA robes. 

joints in the molybdenum tubing, an extension has been 
added to the furnace to accommodate tubing up to 6 ft 
long. 

13.4 COMPATIBILITY OF MATERIALS 
WITH BISMUTH AND BISMUTH-LITHIUM 

SOLUTIONS 

0. B.Cavin J L. Griffith L. R. Trotter 

We have continued studying the compatibility of 
potential structural materials with bismuth and bis-
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mutii-iithiu*n solutions <i? vfY? to 7Q0°C m static 
capsules ?nd flowing thermal convection loop tests. At 
present, tantalum alloys, molybdenum, and graphite 
appear to have acceptable compatibility. 

13.4.1 Tantalum Alloy* 

We tested T-1U (Ta-£% W-2% Hf) in quartz 
thermal convection loops containing Bi and Bi-0.01 wt 
% (0.3 at %> U at 600 to 700°C for 3000 hr and 
reported thkt it had excellent resistance to mass 
transfer; however, its room-temperature ductility was 
drasicalli reduced.* 

The T-lll specimens nicked up approximately 158 
ppm O during test, ?JI4 Liu et al.7 have shown that 
T- i i t » seriously embrittled by the addition of small 
amounts of oxygen at temperatures below 1000°C. 
Accordingly, we ascribed the ductility h-% to oxygen 
acquired by the T-ili when tested in a quartz 
envelope. 

More recently, a T-lll test wis conducted in an 
all-T-l 11 thermal convection loop circulating Bi-2.5 vsf 
% (44 at. %) Li for ' 000 hr at a maximum tempera! ire 
of 696°C. The T-lll samples had a maximum wO;:",; 
loss of 2.73 rag/cm3 (0.19 mil/year), assuming uniform 
dissolution, but remained ductile. Although the loop 
specimens showed no ductility loss, the oxygen content 
of the specimens wss 240 pprn comps^d with 63 ppm 
before test Thus thsse specimens showed the -ame 
order of oxygen incresie as the quartz loop specimens. 
However, the specimens in the T-l 11 loop were in the 
form of %-in.-diam tensile bars, while the quartz loop 
specimens were 0.020-in-thick flat strips. Also, the 
T-lll loop was vacuum annealed at 1400°C imme
diately prior to operation, and some of the oxygen 
pickup may have resulted from this anneal. Oxygen 
acquired at the higher annealing temperature, if it is in 
the 100-ppm range, doe* not contribute to a measurable 
ductility loss. 

Metallography of the tested tensile samples near the 
fracture indicated a ductile fracture; that is, no brittle 
surface layer existed to suggest surface contamination. 
Therefore, we conclude that insufficient oxygen was 
added at the test temperature to cause room-tempera-
tore embrittlement 

Samples of Ta-10 wt % W tested for 3000 hr at 
700°C in a qua; a thermal convection loop containing 

6. O. B. Cavin and L. R. Trotter, HSR Program Semumnu. 
Progr. Rep Aug. 31,1972, ORNL-4728, p. 173. 

7. C. T. Lin, H. Inouye, and R. W. Carpenter, Mechmnkal 
Properties ma Structure of Oxygen-Doped Tentehim-Bese 
AMoy, ORNL n̂ port (in press). 

bismuth had a maximum weight loss of 3.3 mg/cin* 
(0.23 mil/ye»T), about the same as T-lll. A minimal 
oxygen pickup cf 50 ppm max was observed but did 
nt>f cause embiittk^ncsst. However, the^ was some 
scatter in the tensile data, probably due to sample 
fabrication. A second loop containing Ta-10 wt % W 
samples in Bi-0.01 wt % Li is now in progress. 

HA.I Mdybdemus 

We tested Mo in Bt and Bi-0.01 wt % Li at 600 to 
700°C and showed that mass transfer is negligible after 
3000 hr in quartz loops.8 An all-metal Mo loop 
conUining mo senstk samples in Bi-2.5 wt % (44 at. %) 
Li is still operating at 6%°C with a AT of 116 ± 5°C. 
This loop, originally scheduled for 300C hr, now has 
accumulated about 5500 hr and will continue operation 
to accu/nulate long-term test data. No problems have 
been encountered with its operation. 

134.3 Graphite 

The extremely low solubility of carbon in bismuth 
makes graphite attractive for parts of the chemical 
processing plant. We previously reported from metallog-
.-aphic observations that at 700°C graphite is chemically 
inert in contact with Bi containing low concentrations 
of Li.6 However, we are continuing tests of graphite to 
determine its static compatibility with and intrusion by 
Bi, U, or Bi containing up to ? .0 wt % (4S «:. %) Li. We 
have concentrated orimarily on ATJ graphite, which is a 
relatively low-density graphite and typical of a graphite 
that could be fabricated into the large bodies needed 
for a processing p'ant 

It has been reported that in the absence of some 
metallic ions lithium does not form intercalation or 
lamellar compounds with graphite at or below 500°C.9 

However, Secrist and Wisnyi found that lithium and 
graphite held at 700°C for two days in an iron capsule 
formed L i iC 2 . 1 0 To check these observations, we 
tested AXF-SQ, pyrolytic, and hot-worked pyrolytic 
graphites in a pyrolytic graphite crucible containing 
high-purity lithium for 1000 hr at 700°C. All of the 
graphite was vacuum degassed at 900 to 1000°C for 
1000 hr prior to adding the lithium. At the completion 
of die test, there was no metallic lithium in the 

8. O. 8. Cavin and L. R. Trotter, MSR Prognm Semannu. 
Progr. Rep. Aug. 31. 1971. ORNL-4728, p. 173. 

9. M. I Dzuiu* et al.. Proceedings of the Fourth Conference 
on Carbon, I960, p. 165. 

10. D R. Secrist and L G. Wtsnyi, Act*. Cryst 15, 1042 
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crucible, and the wails had moved inward. Each of the 
graplutc samples appeared to be unaffected except for 
the slight detamination near one end of the pyrolytic 
graphite. This limited delamination is not too surprising 
because of the high degree of preferred orientation and 
the inherently wcsk interplanar bonding in these 
pyrolytics. However, each had a weight increase that 
ranged up to approximately 7% for the AXF-5Q 
sample. X-ray-diffraction results on two of the samples 
showeu the presence of U 2 C 2 and an expanded 
graphite lattice. From relative x-ray-diffraction intensi
ties, the AXF-SQ contained more U 2 C 2 than the 
pyrolytic graphite. Since x-ray diffraction is more 
sensitive than metallography for detecting interrelation 
and compound formation, we are including x-ray 
samples <n subsequent crucible tests. 

We reported no observable chemical incompatibility 
of graphite with bismuth or bismuth-lithium solutions 
at 700°C, but the liquid metal penetrates the open 
porosity of the graphite. This problem is illustrated by 
the photomicrographs in Fig. 13.6 which were made 
after 500 hr at 700°C from two different regions of the 
same ATJ crucible which contained Bi—Vft Li. In an 
apparent low-density region, the liquid metal pene
trated th? entire wall of 0.19 in., while in a higher-
density region very little penetration has occurred. This 
is not surprising because of the inherent density and 
pore entrance diameter gradations present in this 

graphite. The effect of time on the extent of penetra
tion of Bi-3 wt % Li into ATJ is seen in Fig. 13.7. 
Considerably greater depth of penetration occurred 
after 3000 hr. In addition, there was some cracking near 
*he inner surface which was also roughened. This 
roughening of the inner surfaces was caused by the 
mechanical removal of the solidified metal from tie 
sliced crucible. Typical areas are illustrated, but the 
great density variations in this material must be kept in 
mind. Photomicrographs of wtfl cross sections of two 
separate ATJ crucibles containing 0.01 and 0.17 wt % 
Li in Bi and tested for '000 hr at 650°C are shown in 
Fig. 13.8. These cructbte* had identical pretest treat* 
ments of alcohol wash and oven dry at 190°C for 16 hr. 
The one haying the greater amount of metal penetration 
contained a lower concentration of lithium in the 
bismuth at the start of test 

From these results there does not appear to be a 
chemical reaction between lithium and graphite in Bi-Li 
mixtures with up to 3 wt % Li. A surface impregnation 
or sealant wouki exclude the metal from the graphite, 
and crucibles with a surface impregnation seal have 
been ordered for evaluation. We are also looking at the 
effects of prehearing the graphite by deducting with an 
air blast, washing with alcohol, oven drying at 190°C 
for 16 hr, and vacuum drgatgng for 100 hr at 
900-1000°C. 
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Fig. 13.6. Wall cross section of an ATJ graphite crucible that contained Bi-3 wt % (48. at. %) Li and was tested for 100 hr at 700"C. 50 x. (a) Region near top of 
me)t;(/>i area near bottom of crucible. The graphite metal interface is at the right. The darkest regions ure holes, some of which ure filled by lighter-colored B>. 
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PHOTC 3 9 4 C - 7 2 

Fig, 13.7. Photomicrographs of ATJ crucible waBs near melt that contained 3 wt % (48 at. %) Li in Bi at 700°C for ( J ) 500 hr, 
tf>) 1000 hr, and (c) 3000 hi. 100x. The darkest regions are holes, and the lightest material is Bi that entered the holes. 
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PHOTO 3 9 6 0 - 7 2 

Fig. 13.8. Photomicrographs of ATJ enables tested at 650°C for 1000 hr that contained (a) 04)1 wt % Li and (6) C.17 w« % Li. 
The darkest regions are holes, MM! the lightest material is Bt. 



Part 4. Fuel Processing 
L.E. 

Part 4 deals with the development cf processes for the 
isolation of protactinium and the removal of fission 
products from molten-salt breeder reactors. During this 
period, we continued to evaluate and develop a flow
sheet based on fluorination-reductive extraction for 
protactinium isolation and the metal transfer process 
for rare-ea,th removal. Work was continued on a 
computer program that is being used for calculating 
steady-state concentrations and heat generation rates in 
an MSBR processing plant. Recent changes in the 
program allow the representation of new flowsheets 
without programming changes. Several flowsheets that 
differ appreciably from the reference flowsheet were 
treated successfu' y with the program. 

Studies of equilib..a in fused salt-liquid alloy systems 
were continued. The solubility of Li3Bi in molten LiCl 
was found to be about the same as that reported for 
LiCl-LiF (70-30 mole %); the molar ratio of "free" 
lithium to bismuth in the salt phase is 3. Lithium and 
bismuth were found to distribute between liquid Li-Bi 
alloys and LiBr or LiF in a manner similar to that with 
LCI. Experiments were condijttd to determine 
whethii lead could be substituted for bismuth in any 
part of the metal transfer process. The concentration of 
free lithium in LiCl in equilibrium with a 50 mole % 
Li-Pb solution is about 0.001 mole fraction; this is 
about the same as that observed with a 50 mole % Li-B: 
solution. Measurements of the solubility of thorium in 
Li-Pb alloys indicate that Li-Pb alloys could be substi
tuted for Li-Bi alloys in the contactor where divalent 
rare earths are removed from the LiCl. However, the 
solubility of thorium in leid is only about 10% of the 
solubility in bismuth; for this reason, the sub' 'itution 
of lead for bismuth in other parts of the system could 
be made only if the metal phase flow rates in the 
process were increased considerably or if die distri
bution coefficients with lead are more favorable than 
expected. 

The reductive-extraction behavior of titanium, a 
component of modifled Hastelloy N, was determined. It 

for Molten-Salt Reactors 
McNeese 

is believed ihat a large fractior of the titanium -/ill be 
volatilized during the fluorination step; hc-ever, the 
remaining titanium would be easily extracted into 
bismuth in the protactinium-removal column. This 
material would then be accumulated in the salt in the 
protactinium decay tank along with other corrosion 
product fluorides, and additional quantities of titanium 
would be volatilized from this salt by fluorination. 
Thus, the presence of titanium in the fuel salt will not 
adversely affect operation of the processing system. 

Studies of the chemistry of fuel reconstitution were 
continued. Spectrophotometric evidence showed con
clusively that UFS is the product of the reaction cf 
gaseous UF 6 with UF 4 dissolved in MSBR fuel salt. 
Results of the studies continue to indicate that UF6 can 
be readily combined with processed fuel carrier salt by 
this method. 

Further progress was made in studying the equilib
rium precipitation of protactinium from LiF-BeF2-
ThF4 (72-16-12 mole %) by sparging the salt with 
HF-HjO-Ar gas mixtures. 

The purification and charging of the salt an i metal 
phases to metal transfer experiment MTE-3 were 
completed, and operation of th* experiment was 
initiated. Mass transfer coefficients wire measured for 
the transfer of 2** Ra during the first two runs; the 
resulting values are in good agreement with a literature 
correlation that is based on mass transfer rates between 
aqueous and organic phases in a surreo-i iterface-type 
contactor similar to that being used in the present 
experiment. The mass transfer coefficient values meas
ured for europium and lanthanum during four addi
tional runs were lower than the predicted values. The 
values for europium were about 10% of those expected, 
and those for lanthanum were considerably lower than 
expected. It is believed that the low mass transfer 
coefficient values are due to the presence of an ox de 
layer at one or more of the salt-bismuth interfaces m 
the system. These data point out the importance of 
preventing the ingress of impurities into metal transfer 
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systems. Discussions with a graphite manufacturer 
concerning the design and fabrication of the three-stage 
sah-meial contactor for use in the fourth metal transfer 
experiment indicate that manufacture of the required 
graphite components is within the capability of the 
graphite industry. Additional data must he obtained on 
the compatibility of graphite with bismuth containing 
reductant and on mass transfer rates in mechanically 
agitated contactors before further design work can be 
carried out. 

Additional experiments were carried out to measure 
mass transfer rates in simulated mechanicaliy agitated 
salt-metal contactors. The important physical properties 
of molten salt-bismuth systems are quite similar to 
ihose for the water-mercury system, which allocs study 
of tias type of contactor under conditions highly 
desirable fbi experimentation. Measurements of the rate 
of extraction of lead from an aqueous phase containing 
lead nitrate into mercury containing zinc at low 
concent-ations indicate that the mass transfer coeffi
cient* in a water-mercury system are predicted reason
ably well by an existing correlation that is based on 
mass transfer in aqueous-organic systems. The results 
also imply that the mass transfer rates in salt-bismuth 
contactors of this type will be adequate for MSBR 
processing requirements. Further studies wene per
formed in the mild-steel reductive-extraction system in 
which the rates of transfer of , 7 Z r and a 3 7 U from 

molten salt to bismuth in a packed column are 
measured. The resulting data indicate that the height of 
an overall transfer coefficient bas*d on the bismuth 
phase is about 4.3 ft for extraction factors near unity, 
and that the mass transfer performance of packed 
columns * adequate for their use in processing systems. 

The feasibility of flaring commercially available 
molybdenum tubing was demonstrated, and several 
types of flare fittings made of molybdenum were 
designed and fabricated. Demonstration of the capa
bility for making mechanical joints between sections of 
molybdenum tubing and between machined molyb
denum parts and graphite vessels will advance our 
technology with regard to the construction of engi
neering experiments using these materials. 

A series of experimcuts on autoresistance heating of 
molten salt was carried out in ?, simulated fluorinator 
protected from corrosion by means of a frozen wall. 
The results indicate that an electrically insulating frozen 
salt layer can be formed reliably under conditions suit
able for operation of a fluoruutor experiment. Achieve
ment of this objective is an important step in the devel
opment of continuous fluorinators. Additional work 
muft be carried out for demonstrating a means for in
troducing the high-voltage electrode into a iluorinator 
before design of the first fluoridation experiment can 
be initiated. 
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14. Flowsheet Analysis 
Work wa; continued on the development of a 

computer program Jut can be usfd for calculating 
steady-state concentrations and heat generation rates in 
an MSBR processing plant. The behavior of 687 
nuclides in about 70 regions allows an adequate 
representation of present processing plant flowsheets. 
Several recent modifications in the program facilitate its 
use and allow an improved representation of equipment 
items. 

14.1 MULT1REG10N CODE FOR MSBR 
PROCESSING PLANT CALCULATIONS 

C. W. Kee L. E. McNeese 

We have reported previously1 on the deveiopment of 
a computer code that can be used for calculating 
steady-state concentrations and heat generation rates in 
an MSBR processing plant. The behavior of 687 
nuclides in as many as 250 regions can be considered; 
however, the use of Gniy sbout 70 regions has been 
adequate for representing processing plant flowsiteets 
considered thus far. Social modifications made in the 
computer program facilitate its use ?.r.d allow an 
improved representation of equipment items. The more 
important modifications are as follows: 

1. The extent of transfer of materials between phases 
present in a region can now be limited by rate 

1. C. W. Kee, M. J. Bell, anc L. E. McNeese, MSR Program 
Semunnu. Progr. Rep. Feb. 29. 1972, ORNL-4782, pp. 
205-206. 

i'jid/or equilibrium considerations rather than by 
equilibrium considerations alone. 

2. The volumetric flow rates of streams in a flowsheet 
and the distribution ratios for materials that dis
tribute between salt and bismuth phases are now 
calculated by the program rather than being speci
fied as input data, as was done initially. 

2. An improved method was developed for specifying a 
flowsheet. This method, which requires only a 
description oi the regions and specification of the 
streams in terms of origin and destination, permits 
us to represent a new flowsheet in approximately 30 
min rather than 2 days, as was required previously. 

4. A means was found for decreasing the required 
computer turn- to about 30% of the time needed 
previously. 

5. The computer code ORIGEN was incorporated in 
the program to permit the characterization of waste 
streams produced by a flowsheet in terms of waste 
disposal hazard, levels of radioactivity, and heat 
generation after discharge of the streams from a 
processing plant. 

The modified program has been used successfully for 
evaluating a number of flowsheets that, although based 
on fluoridation—reductive-ext.action—metal transfer, 
differ appreciably from the reference flowsheet. 
Attempts are being made to reduce the rates at which 
thorium, lithium, beryllium, and fluorine are discarded 
from the processing plant: the results obtained thus far 
are encouraging. 
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15. Processing Chemistry 
L to. Ferris 

Certain «pects of the chemistry cf the metal transfer 
process 1 , 2 for the removal of rare earths and other 
fission products from MSBR fuel salt were studied 
further. Some of this work involved measurement of 
the equilibrium distribution of lithium and bismuth 
between liquid Li-Bi alloys and mclten lithium halide 
salts. Other experiments were conducted to determine 
whether lead could be substituted for bismuth in any 
portion of the system, since the availability of bismuth 
is expected to be limited by the year 2000. 3 These 
experiments included measurement of the equilibrium 
distribution of lithium and lead between Li-Pb alloys 
and molten LiCl and determination of the solubility of 
thorium in liquid Li-Pb alloys. In addition to the studies 
relating to the metal transfer process, the reductive-
extraction chemistry of titanium and cesium was 
determined, and. the reaction of gaseous UF 6 with UF 4 

dissolved in LiF-BeF2-ThF4 (72-16-12 moIe%) received 
further :*udy, since this reaction provides the basis for 
the fuel recoristitution step. Studies oi the precipitation 
of protactinium oxide from MSBR fuel salt by sparging 
with HjO-KF-Ar gas mixtures were also continued. 

15.1 EQUILIBRIA IN FUSED SALT LIQUID 
ALLOY SYSTEMS 

L. M. Ferris i . F. Land 

Previously,4 we studied the equilibrium distribution 
of lithium ard bismuth between liquid Li-Bi alloys and 
molten LiG, since LiCl is the acceptor salt used in the 
metal transfer process1 ' 2 for removing rare earths. The 
data werf interpreted in terms of the distribution of 
salt-like L;3Bi between the two phases.4 We concluded 
v/ork on this system by measuring the solubility of 
Li 3Bi in molten LiG. The LiCl was equilibrated with a 
Li-Bi alloy having a lithium concentration of 70 at. %. 
According to the bi-Li phase diagram,5 this alloy was a 
two-phase equilibrium mixture of solid Li3Bi and a 
liquid Li-Bi alloy in which the lithium concentration 
varied from about 52 to 62 at. % as the temperature 

1. L. E. McNeese, MSR Program SemUmnu. Progr. Rep. Feb. 
28.1971. ORNL4676, p. 234. 

2. D. E. Ferguson et at, Chem Technot. Div. Arum. Progr. 
Rep. Mar. 31.1971. ORNL-4682, p. 2. 

3. If. J. Bell, Availability of Natural Resources for Molten 
Salt Breeder Reactors. ORNL-TM-3563 (Nov. 11,1971). 

4. L. M. Ferris and 1. F. Land, MSR Program Semlonm. 
Progr. Rep. Feb. 29.1972. ORNL4782, pp. 207-209. 

was increased from 650 to 800°C. It is important to 
realize that the activity of tne Li 3Bi in each phase of 
the mixture was the .same. The temperature of the 
salt-alloy system was randomly varied between 650 and 
800°C. A period of at least 24 hr was allowed for 
attainment of equilibrium at each temper?tuic before 
the salt ?has£ was sampled with a molybdenum pipet. 
Quenched samples of the i*!t were very deep red-brown 
in color. The salt ramples were analyzed both for "free" 
lithium and for bismuth. 

The values determined for the solubility of Li3Bi in 
molten LiQ, expressed in terms of the respective mole 
fractions A'm d j and ^Bi(d)» i r 0 P v e n m Table 15.1. 
Within experimental uncertainty, the ratio of free 
lithium to bismuth in the LiG, ̂ Li(d)/^Bi(d)> w a s •*» as 
expected. In Fig. 15.1, the data are compared with the 
values obtained by Foster et ai.* over the temperature 
range 650 to i000°C using LiCl-LiF (70-30 mole %) as 
the salt phase. Within analytical error, the solubility of 
Li3Bi is the same in each salt phase. The data can be 
represented by logS (mole %) = [3.437 - 4'07/7T°K)] 
±0.06. 

Preliminary data have also been obtained on the 
equilibrium distribution of lithium and bismuth be
tween liquid Li Bi alloys and molten UBr or LiF. These 
data are presented in Table 15.2 as the Li3Bi concen
tration in the salt ph&se at various alloy compositions, 
and can be represented by the same model developed to 
describe the distribution of Li 3Bi between Li-Bi alloys 
and molten LiCl.4 At a given temperature, the distri-

5. M. Hansen and K. Aiderko, Constitution of Binaiy Alloys. 
p. 316, McGraw-Hill, New 'ork 1958. 

6. M. S. Foster, C. E. C/o»th*mel, D. M. G U M , and R. L. 
McBeth, J Phys. Chem. 68,980 '1964). 

Tabfe 15.1. Solubility of Li3Bi in molten LiCl 
in the tempentnre range 650 to 800°C 

Temperatui*. 
(°C) 

i o 6 * B K d ) ">'"u<d> ^LKdy^Bit 

650 1035 t 100 3720 i 40 3.6 t 0.4 
675 1570 t 35 5160±390 3.3 ± 0.3 
700 1550t 10 4935 i 365 3.2 t 03 
700 1410i 15 •t205 1165 3.0 i 0.2 
725 2420t55 7305 ± 350 3.2 t 0-2 
750 1760t 10 5610 i 870 3.2 t Oi 
800 3815 t450 10810 11000 2.8 t 0.7 
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out ion can be expressed as follows: 

, 0 £ ' V L i 3 B e ( d ) 

= log 
V 4 

i 3 - ^ L i ( m ) ] M 3 - 3 , V L i ( m ) ] 
+ iogr . ( i ) 

in which N s mole fraction and (d) and (m) denote salt 
and alloy phases respectively. The results given in Table 
15.2 yield 'ahies of a^out 0.7 for T with LiBr as the 
salt phase at 650°C, and about 0.2 for T with LiF as the 
salt phase ai 900°C. Assuming that the temperature 
dependence of Kg T is the same with Doth LiBr and 
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Fig. 15.1. Sohib#ity of Li3Bi in molten VO. The line 
represents data obtain*d by Foster et al.6 with molisn LiCl-LiF 
CO-30 mote %). 

LiCI. T would be shout 1.3 at 900°C when LiB.- >'$ used 
as the salt phase. Our earlier results4 yield f = 0.63 
with LiCi as the salt phase at 900°C. The above results 
indicate that, at a given temperature and alloy compo
sition, the equilibrium Li3Bi concentration in the salt 
phase increases with increasing molecular weight of tht 
lithium nalide salt. This effect undoubtedly reflects the 
corresponding increase in the halide anion radius and, 
hence, an increased capacity for accommodating the 
large Bi3" ions from the Li3 Bi in the salt lattice. 

To determine whether it is possible to use lead instead 
of bismuth in parts of the meral transfer process, we 
made preliminary measurements of the distribution of 
lithium and lead between liquid U-Pb alloys and molten 
LrCl at 650°C. The data are summarized in Table 15.3. 
Both the lithium and lead concentrations in the salt 
phase increased regularly with increasing lithium con
centration in the alloy. The extremely low lead-tc-
lithium ratio in the salt shows that the observed 
behavior cannot be explained in terms of the distri
bution of LiPb, Li3Pb, or L^Pb between the two 
phases. Since the equilibrium lead concentrations in the 
salt are very low, the primary reaction is the distribu
tion of lithium between the two phases. A possible 
equilibrium7 is: 

2L*m) = li,(d) , (2) 

in which (m> and (d) denote alley and salt phases 
respectively. An equilibrium constant can be written as 

K = 
^LijCd^LiatJ) 

^LKm^LKm) 
(3) 

7. M. A. Bredig, personal communication, May 18,1972. 

Table 15 3. Equilibrium distribution of lithium and lead 
between liquid Li-Pb aBoys and molten LtCI at 650°C 

Table 15.2. Distribn'tkni of Li3Bi between liquid 
Li-Bi aBoys and molten LiBr or LiF 

Salt 
phase 

Temperature 
(°C) 

U concentiation 
in alloy 
(at.%) 

! 0 ^Li 3BKd) 

LiBr 

LiF 

650 

90u 

27.3 
27.3 
35.4 
48.7 

24.7 
46.3 

85.4 ± 15 
l i l t 15 
638 ± 20 

1354t50 
9.3 ±2 

492 ±90 

Experiment 
Li concentra ?on 

in alloy 
(at. %) 

Concentration 
inLiCl 

(wt ppm) 10 6/V, LKd) 

Li Pb 

112 
105 
103 
H I 
104 
106 
102b 
102a 
101 

9.98 
15-5 
17.8 
20.6 
27.9 
32.0 
35.2 
50.1 
533 

6.3 < 0.1 
35.1 
14.4 
16.9 
92.2 
67.4 

139 
153 
144 

0.6 
03 
M 
C4 
14 
7.S 

12 

38.5 ± 1.3 
214 ± 18 

88.3 i 20 
'64 ±20 
5 6 4 t 4 5 
411*73 
8 5 2 t l l 5 
935 t 55 
879±30 



162 

in which ;V is mole fraction and 7 is activity coefficient. 
Since 

Nli2(d) ~ '*NLi(d)» 

Eq. (3) can be written, with rearrangement, as 

2*WLi(m)T rLi(m) 

(4) 

A Li(d) " ~ 
7 Li 2 (d) 

or, in logarithmic form, 

^ ^ L K d ) = 2 ^ ^ L K m ) + ! o S 
^ L K m ) 

. 7 Li 2 (d) 

<*) 

(6) 

If the term containing the activity coefficients is 
constant, a plot of log A'i.i(d) ** *°£ ̂ Li(m) w o u ^ be 
linear with a slope of 2. As seen in Fig. 15.2, the 
distribution data obtained at 650°C cai* be represented 
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by Eq. (6), suggesting that the ratio 7 Li(m)'?Li 2(d) B 

practically constant over the range of conditions investi
gated. The line in Fig. 15.2 was positioned visually. 
Extrapolation of this line 10 W L i ( m j = 1 yields a value 
of about 0.0044 for iV L j ( ( 1 > . Interestingly, this value is 
about the same as the value of 0.005 ± 0.002 obtained 
by Dworkin ei ai.8 for the sclubiiity of lithium in liquid 
LiCl at 650CC. It should also be noted that, although 
ihe equilibrium lead concentrations in the salt are low, 
the lithium concentrations are about as high as those 
obtained with Li-Bi alloys of comparable composition. 
Consequently, the use of lead instead of bismuth in the 
metal transfer process1•* would not significantly reduce 
the rate of loss of lithium from the strip solutions. 

15.2 SOLUBILITY OF THORIUM IN LIQUID 
Li-Pb ALLOYS 

F. J. Smith C. T. Thompson 

In order for lead to be considered as a substitute for 
bismuth in either the reductive extraction or the met?i 

». - f. lor .n hP transfer portions of the reference flowsheet 
chemical processing of MSBRs, the solubilities of 
thorium in Li-Pb alloys would have to be comparable to 
those in Li-Bi alloys. Reported data 9 ' ' 0 on the solu
bility of thorium in lead are in disagreement, and no 
infoii.iation regarding the solubility of thorium in Li-Pb 
alloys could be found; consequently, we determined the 
solubility of thorium in lead and selected Li-Pb alloys 
over the temperature range 400 to 800°C. The appa
ratus and experimental procedure were the same as 
those used in ou» studies of bismuth systems. 1 , _ I 4 

Measured values of the solubility of thorium in lead 
and in three Li-Pb alloys are shown in Fig. 15.3. The 
solubilities in lead are in fair agreement with but 
slightly lower than th se reported by Shaffer et al.,9 

and are markedly lower than those reported by 
Bryner.1 ° As seen in Fig. 15.3, the thorium solubility 
at a given temperature increases regularly with in
creasing lithium concentration in the alloy. This be
havior is similar to that observed previously for Li-Bi 

8. A. S. Dworkin, H. R. Bronstem, and M. A. Bredig,/ Phys. 
Chen 66,572(1962). 

9. J. H. Shaffer et al., Reactor Chent Div. Anna. Progr. Rep. 
Dec. SI, 1965, ORNL-3915, p. 43 

10. J. S. Bryneir,TID-7502, Part 1 (i960), p. 230. 
11. L. M. Ferris, J. C. Maikn, J. J. Lawrance, F. J. Smith, and 

E. D. Nogueira, / Inorg. Nud. Chem. 32,2019 (1970). 
12. C. E. Schilling and L. M. Ferris, / Less-Common Metals 

20,155 (1970). 
13. F. J. Smith,/ Leu-Common Metals 27,195 (1972). 
14. F. J. Smith,/ Lea-Common Metals 29,73 (1972). 
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Fig. 15.3. Sotabflities of thorium in Li-Pb alloys in the 
temperature range 400 to 800° C. 

alloys.13 Under all conditions investigated, the solu
bilities of thorium in Li-Pb alloys were much lower than 
'hose in Li-Bi alloys of comparable lithium concen
tration. Consequently, Li-Pb alloys are not attractive as 
substitutes for Li-Bi alloys in those parts of the 
processing system where thorium is involved. 

Since practically no thorium is present when the 
divalent rare earths are stripped from LiCl,1 "* a 
scouting experiment was made to determine whether 
Li-Pb alloys could be used as strip solutions for the 
divalent rare eartlis. In lhis experiment, sufficient 
europium was added to liquid Li-Pb (~45-55 at. %) to 
produce a solution containing about 15 wt % europium. 
Fil^red samples taken at temperatures as low as 450°C 
indicated that all of the europium was still in solution. 
This solubility is far above the rare-earth concentration 
(—2500 wt ppm) desired in the divalent strip solution. 
The,? 'ore, based solely on solubility considerations, 
Li-Pb alloys could be used as strip solutions for the 
divalent rare earths. 

15.3 REDUCTIVE EXTRACTION OF 
TITANIUM AND CESIUM 

L M. Ferris J. f. Land 

Hastelloy N was used for die containment vessel and 
other metallic components in the MSRE; hovrve:. use 
ot a modified Hastelloy containing up to 2 wt % 
titanium is being considered1 s for MSBRs because an 
alloy of this type is expected to be more resistant to 
radiation embrittlement than Hastelloy N. We would 
expect some titanium to be leached from such an alloy 
into MSBR fuel salt;1 6 consequently, the behavior of 
titanium in ihe rherracal processing systems was of " 6 • » / • 

interest. Based on thermodynamic estimates,' we 
would expeci a large fraction of the titanium to be 
removed from MSBR fuel salt as TiF4 during fiuorina-
tion. fhe remaining titanium would enter the reductive-
extraction system where, according to our estimates,1* 
it would be easily reduced from ihe salt into liquid 
bismuth containing lithium. An experiment was con
ducted to verify the predicted behavior. Data on the 
extraction of cesium were also obtained in this experi
ment. 

The experiment was initiated by simultaneously 
hydrofhiorinating bismuth and LiF-BeF2-ThF4«CsF 
(71.7-15.9-12-0.4 mole %} contained in a molybdenum 
crucible at 600°C to remove oxides from the system. 
After sparging with purified argon, sufficient titanium 
was added to make the titanium concentration in the 
bismuth 2500 wt ppm. Analysis of a sample of the 
metal phase confirmed that all the titanium wis present 
in this phase. The two-phase system was then Sj>arged at 
600°C for about 20 hr with HF-H2 (50-50 mole %). 
Subsequent analyses of the respective phases showed 
that all of the titanium had been transferred to the salt 
phase during the hydrofhiorinaticn period. (This result 
confirmed our predictions15 that titanium could be 
easily transferred from liquid bismuth to a molten 
fluoride salt by hydrofhiorination.) With the system at 
600°C, thorium was added in increments to effect die 
reductive extraction of titanium and cesium from the 
salt into the bismuth phase. At least 24 hr was allowed 
for equilibration after each addition of thorium before 
filtered samples of the respective phases were removed 
for analysis. We first obtained isotherms (exprested s» 
usual1' as log Du ~ n log DLi + log A"M) for titanium, 
cesium, and thorium at 600°C; then, after the bismuth 

IS. H. E. McCoy et aL, NucL AppL TetkmoL 8(2), 15* 
U970). 

kv L. M. Ferrta, Estimated Mmrior of Ttomhm m MSBR 
ChemUxiProctsbvSyitcm, ORNL-TW-3763 (Apr! 1972). 
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TkUel5^4 L Val»*oftof * M f o c t r t UMUB, < t j a , aad rtmiw oteasaed 
tnmm jMWiWflioftheiiwHii "MOB £s*fc?t«tiO* Of J M K devests 

« • mattem LaF-B*f j ThF4-CsF (71.7 15.9-12-0-4 • » * %) 
uk*M*dbta MffcfOkMKMB 

Element n Temperature (°C) k * * ^ literature values 

Ti $ 600 ! 3.6 t 0.4 
C$ 1 1.478*0.12 
Th 4 8.936 t 0 . ! 4 9.093 ± 0.1 (ref. 11) 
Cs ! 1 650 1.369*0.02 1.177 * 0.02 (ref. 18) 
Th i 8-418*0.08 8.404 * 0.1 (ref. 1!) 
Cs 1 I 705 1.235*0.01 
Th * 7.712*0.01 7.726 * 0.1 (rrf. 11) 
Cs I 750 1.193*0.02 
Th * 7.309 * 0.07 7.226* 0.1 (ref. 11) 

phase had been saturated with thorium at 600°C, the 
temperature of the system was vaued between 600 and 
750°C. Several sets of samples were taken at three 
temperatures above 600°C. 

The isotherms obtained at 600°C are shown in Fig. 
1S.4 as log-log plots of DM vs DLi, and values of iog 
KM derived from the data are presented in Table 1 S.4. 
Values of leg K^s and log £ ^ b at temperatures above 
600°C were calculated using the analytical results for 
the samples taken at these temperatures. The titanium 
data do not clearly show that n = 3; however, 
thermodynamic considerations1* indicate that this is 
the proper value for n. The value obtained at 600°C for 
log K j j * ccifirms that titanium is very easily reduced 
from MSBR fuel salt and is consistent with the results 
of an experiment by Moulton et al., 1 7 which indicated 
mat log K*Tl& should be greater than log X^*.. The 
data obtained for cesium can be expressed as logX^, = 
-0.5531 • 1771/7T°K), with an estimated uncertainty 
in log K'Cs of ±0.05. The present values of log K'Cs 

indicate mat the reductive extraction of cesium will be 
slightly easier than expected from the prior experi
mental data obtained ai 650°C u> Richardson and 
Shaffer.1 * As ssen in Tabte 15.4, the values of log £ j h 

obtained in this experiment are in good agreement with 
those reported earlier by Ferris et aL1' 
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17. D. M. MoaHoa, J. H. Shaffer, aad W. R. Grimes, MSR 
froff. Rep. Feb. 28.1970.0RN14S4*. ?. 

If. Rkftttidsofl aad J. H. Sorter, MSR Proptm 
Pro* Rep. Feb. 28.1971. ORNL-4676, p. A 25. 
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1S.4 CHEItSTRY OF FUEL RECONSTITUnON 

M. R. Bennett L. M. Ferris 

The fuel rscorotiiution step in the reference flow
sheet1'3 involves (1) absorbing the UF, and excess 
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fluorine *Vom the fluorination step in sal: containing 
dissolved UF4 and (2) reducing the resultant higher-
valent uranium species to 1JF4 with gaseous hydrogen. 
Tht expected reaction* are: 

UF 6(g)*UF 4<d)=2UF 5(d>. (7) 

,/2f'2(g) tUF 4(d) = UF s(d). (8) 

2UFs(d) + H2(g) = 2UF4(d) + 2HF(g) (9) 

Presently, we are studying the reaction of gaseous UF6 

with UF4 dissolved in LiF-BeF2-ThF4 (72-16-12 mole 
%), using the gold apparatus and the procedure de
scribed previously.19'20 Studies involving UF 6-F 2 gas 
mixtures will be made in the near future. 

The remits of our initial studies20 showed that at 
6G0CC UF6 reacted rapidly with UF4 dissolved in the 
salt. Chemical analyses indicated that UFS was the 
reaction product and that gold was inert both to 
gaseous UF6 and to dissolved UFS. Recently, in 
collaboration with J. T. Bell of the Chemical Tech
nology Division, we confirmed spectrophotometrically 
thai U5* was present after adding UF 6 to a salt 
containing dissolved UF 4. Small translucent flakes of 
quenched samples of an oxiJe-free salt that, by chem
ical analysis, contained about 0.6% U4* and 4% U5* 
were positioned for maximum exposure in the sample 
beam of a Caiy 14 spectrophotometT, and die spec
trum was recorded at a scan rate of 25 A/sec. No 
evidence for species other than U 4 ' was obtained in the 
visible region. However, scanning of the near-infrared 
revealed three intense and relatively sharp lines at about 
1.33, 1.36, and 1.38 JI, of which the band at 1.36 £ was 
the strongest. The bands cannot be attributed to U4*. 
The spectrum obtained wai almost identical to the type 
II spectra obtained by Penneman, Sturgeon, and 
Asprey2' for pentavalent uranium compounds such as 
LiUF6. NaUF6, and CsUF6. Thus, the present results 
provide independent evidence that dissolved UFS is 
indeed the product of the reaction of ga^uus UF« with 
UF4 dissolved in LiF-BeF2 ThF4 (72-16-12 mole %). 

AJ1 of our previous work had been conducted at 
600*C; , 9 , 2 ° however, we recently conducted two 
preliminary experimeitts at 550°C to determine 

19. M. R. Bennett, MSR Program SemUmnu. Progr. Rtp. Aug. 
31.1971, GXNL-472*, p. 190. 

20. M. R. Bennett and L. M. Ferris, MSR Program Seimannu. 
Progr. Rep. Peh. 29.1972. ORNL4782, pp. 212-15. 

21. R. A, Pennenan, G. D. Sturgeon, and L. B Asprey, 
InorgChem 3,126(1964). 

whether temperature had a marked effect on the rate of 
reaction of gaseous UF4 with dissolved UF 4. The other 
experimental conditions were the same as those used in 
the work it 600°C. Each experiment was initiated by 
dissolving UF 4 in 200 g of LiF-BeF2 ThF4 (72-16-12 
mole %) that was contained in a l-9-in.-diam gold 
crucible at 600°C. The system was men treated with 
HF-H2 (50-50 mole %) ai 600°C to remove oxide 
impurities. After the system had been cooled to 550°C, 
a UFfi-Ar (50-50 mole %) gas mixture was bubbled into 
the salt through a l/4-in.-diam gold sparge tube. The 
amount of UF 6 (wfuch was metered into the system at 
the rate of 0.11 g of uranium per minute) added to die 
system was that required by reaction (7) to convert all 
of the uranium in the salt to UF 5. Samples of the salt 
were taken immedhteh/ after addition of the UF* and 
at 24-hr intervals for the following week. 

Preliminary analytical results from the experiments at 
5:>0oC showed that when the initial UF4 concentration 
in the salt w-s about 0.7 wt % only about 50% of the 
UF6 reacted to form UF S. Since practically quanti
tative reaction of the UF6 was obtained under the same 
conditions at 6C0°C, obviously the rate of reaction (7) 
was somewhat loJver at 550 than at 600°C. In addition, 
the rate of disproportionation of UF 5 [the reveise of 
reaction (7)] appeared to be much lower at 550 than at 
600°C. 

1S.S PROTACTINIUM OXIDE PRECIPITATION 
STUDIES 

0. K. Tallent L. M. Ferris 

Studies in support of the development of processes 
for the selective precipitation of protactinium oxide 
from MSBR fuel salt have been continued. The method 
currently being considered involves the systematic 
precipitation of protactinium from molten UF-BeFj-
ThF4 (72-16-12 mole %) by equilibrating the salt with 
HF-H70-Ar gas mixtures. The apparatus and experi
mental procedure were described previously.22 The 
oata obtained are being considered in terms of the 
equilibrium 

PaF5(d) + * H 20(g) = , / 2Pa 20 5(s) * 5HF(g), (10) 

22. O. K. Tallent and F. J. Smith, MSR Program Semianru. 
Progr. Rep. Aug 31.1971, ORNL-4728, p. 196. 
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for which the equilibrium quotient at a given tempera
ture can be written as 

(?i = 
PHF 

^HVI 
(11) 

P»F $ 

?n the above expressions (d), (g), (s). N, and p denote 
dissolved species, gas, solid, mole fraction, and partial 
pressure respectively, if the ratio pH Q/PHF * ^ k x e < * a t 

some value A. Eq. (11) can be written in logarithmic 
form as 

l o g # f a F s = 1.5 log{pHF/A) - log (21 (12) 

Thus, if the equilibrium is actually that indicated by 
Eq. (10), a log-log plot of protactinium concentration 
in the salt vs Puf/A should be linear at each tempera
ture and have a slope of 2.5. 

Previous data 2 2" 2 4 were taken at temperatures le-
ported to be £00 and 650°C respectively. However, 
during renovation and recalibration of the system, it 
was found that these temperatures were in error due to 
a faulty constant-voltage unit in one of the Brown 
recorders. Ws estimate that the true temperatures were 
25 to 4(fC higher than those reported and, conse-
quentiy, that the previously reported values of Qx were 
high by a factor of 2 to 3. Unfortunately, a more 
accurate compensation cannot be made. 

New measurements of Qt have been made over the 
temperature range 535 to 650°C, using LiF BeF2-ThF4 

(72-16-12 mole %) as the solvent. Preliminary data from 
these experiments are summarized in Table 15.5. The 
protactinium concentrations in the salt were obtained 
by gamma-spectrometric analysis for 2 3 3 P a and may 
require minor revision once the alpha-pulse-height 
analyses for 2 3 1 P a are available. The estimated un
certainty in each value of Qx is ±15%. Log-log plots of 
ths equilibrium protactinium concentrations in the salt 
vs pKf/A, using data obtained at 560 ± 3 and 593 ± 
2°C, are shown in Fig. 15.5. The fact that these plots 
are linear with slopes of 2.5 supports the assumption 

23. O. K. TaBent and L. M. Ferris, MSR Program Semiannu. 
Progr. Rep. Feb. 29,1972, ORNL-4782, pp. 210-12. 

24, D. S. Fcnjuaon et at, Chem. Technol. Dh. Arum. Progr. 
* -> Mer SI. 1972, ORNL-4794, p. 5. 

TaWe 15.5. EqalA «amt«o«acto •M#at ff^waW^hfaoYv^MT^ 

obtaised by sparpag UF-*eF2TkF 4 (72-16-12 mot, t%) 
with HF-HjO-Ar ga i a u t o e s «a*V « r a n o « ~ o « * t 

Protactinium 

Sample 
Temperature 

(°C) (atm) 
concentration 

in salt 
<wt ppm) 

19.5 

Qx 

I 535 0.0038 

concentration 
in salt 

<wt ppm) 

19.5 0.17 
2 540 0.0040 18.8 0.20 
3 540 0.0070 81.4 0 18 
4 546 0.0050 23.9 0.27 
5 546 0.0058 2 7 .8 0.34 
6 549 0.0079 485 0.42 
7 549 0.0080 <« A 

V V - V U---3 
8 550 0 0063 40.0 0.29 
9 560 0.0037 5.3 0.57 

10 560 C.0047 11.0 0.52 
11 560 0.0056 17.6 0.49 
12 560 0.0064 22.0 0.55 
13 560 0.0064 295 0.40 
14 560 0.0068 36.9 0.38 
15 560 0.0070 36.9 0.41 
16 560 0.0074 355 0.49 
17 570 0.0080 22.0 0.95 
18 573 00 i07 62.7 0.69 
19 589 u.0095 24.0 1.34 
20 591 0.C113 365 1.36 
21 592 0.C109 37.0 1.23 
22 592 0.0136 605 1.30 
23 593 0.0093 23.6 1.29 
24 593 0.0 »?4 48.0 1.58 
25 595 0.0159 71.0 1.64 
26 602 0.0167 445 2.96 
27 611 0.0175 48.8 3.04 
28 627 0.0155 35.1 3.12 
29 638 0.0174 25.8 5.66 
30 638 0.0174 26.7 5.47 
31 643 0.0342 108.2 7.32 
32 646 0.02S4 58.1 6.48 
33 649 0.0238 30.8 10.4 
34 551 0.0232 315 9.46 

that Pa^05 is the solid phase at equilibrium as indicated 
by Eq. (10). A plot of log 0 , vs l/'/T°K), using the 
recently determined values of Qt, is shown in Fig. 15.6. 
The line is defined by the equation log Qx = 12.74 -
10,88O/7t°K). These values of Q, should be regarded as 
preliminary; a more complete analysis of the data will 
be presented in the next progress report. 
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Fig. 15.5. Precipitation of protactinium from LiF-BeF2-ThF4 
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Fig. 15.6. Tffect of temperature on the equilibrium quotient 
for the reaction PaFs(d) + %H 20(g) = !4Pa 2O s(s) -r SHF(g). 

j f jU ' l f iM l iff" - ^ - — ' . . * * a * * - -. -*-»•*. 
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16. Engineering Development of Processing Operations 
L. E. McNeese 

Studies related to the development of a number of 
processing operations vere continued during this report 
period. The purification and charging of the salt an- the 
metal ptases to metal transfer experiment MTE-3 were 
completed, and operation of the experiment was 
initiated. Mass transfer coefficients measured for ra
dium during the fist two runs are in good agreement 
with a u*«rature correlation that is based on mass 
transfer between aqueous and organic phases in stirred-
interfrce contactors. The mass transfer coefficient 
values measured for krathaivun! wen considerably lower 
tian expected, while those for europium were about 
10% of those expected. Ic is believed that these low 
vahes ate caused by the presence of an oxide layer at 
one or more oi the salt-bismuth interfaces in the 
system. 

Work on the design of die mtta! transfer process 
facility, in which the fourth metai transicr experiment 
will be carried out, was continued. Cjcussions with a 
graphite manufacturer indicate that the required graph
ite components are within the manufactuiing capability 
of die graphite industry. Studies associated with die 
measurement of mass transfer rates in simulated me
chanically agitated ^alt-metal contactors were also con
tinued. The extraction of lead from as* aqueous phase 
confining PbfNOj^ into mercury containing zinc at 
low concentrations was used for determining mass 
transfer coefficients under conditions that are believed 
to be similar to those with molten salt and bismuth, 
tfauite of the tests indicate that mass transfer coeffi
cients in a mercury-wakr system, and like!/ in a 
salt-bismuth system, are predicted reasonably well by 
an existing correlation that is based <» mass trcnsfr r in 
aqueoui-on^nk systems. 

Further progress was made in determining the rales of 
*ft<!sfer of , 7 Z r and , i 7 U from molten «alt to b jmuth 
in an 0.82-in.4D by 2-ft-long packed ccUmn. A 
correlation develooed from our data shows that the 
height of an overall transfer urit based on the bismuth 
phase is constant and has a value of about 4.3 ft for 
extraction factors near unity. Developmental work 
relative to the design of die reductive-extraction process 
faculty was continued. The feasibility of flaring com-
merciflly available molybdenum tubin» in %-, V and 
% -in. sues was demonstrated. Morybdenuu? fittings 
that are compensated for differentia! thermal expansion 
were design *d and tested. The design of the molyb

denum reductive-extraction equipment and the process
ing materials test stand is essentially complete. 

Bismuth analyses of portions of fluoride «*lt taken 
from several different engineering experiments indicate 
that an improved sampler design is required in order to 
avoid contamination of the samples. Samples with
drawn from the fluoride salt surge tank in metal 
transfer experiment MTE-3 have consistently shown 
low bismuih concentrations (0.45 to 1.7 ppm). 

Studies were completer1 ir which w- demonstrated 
the feasibility of using autoresistance heating of molten 
salt in continuous fluorinators pro:*cted against corro
sion by moans of a frozen wall Operation of the first 
sr*ies of experiments in the uranium oxide precipitation 
facility was completed, and the precipitator vessel was 
disassembled. Corrosion of the equipment and agglom
eration of oxide on the equipment surfaces were found 
to be negligible. A series ot tesis was completed with an 
eddy-current-type salt-bismuth interface detector using 
the amplitude measurement technique at 550 and 
700°C. The detector output was found to be linear and 
reproducible over most of the probe length. 

16.1 OPERATION OF METAL TRANSFER 
EXPERIMENT MTE-3 

E. L. Youngblood W. L. Carter 
H. O. Weeren L. E. McNeese 

The purification and charging of the salt and metal 
phases to metal transfer experiment MTE-3 were 
completed, and operation of the experiment was 
initiated in order to .iieasure the rate at v.jch rare 
earths transfer uWigh the system. A flow d'agrim for 
the experiment is shown in Fig. 16.1. The equipment 
used in the experiment consists of a fluoride salt 
reservoir containing about 30 liters of fluoride si!t 
(72-16-12 mole % LiF-BeF3 ThF«), * salt-metal con
tactor, and a rare-earth stripper containing 4.6 btcrs of 
4.9 mole % Li-Pi solution. The lO-in.-diam centacto. is 
divided into tv i compartments that are interconnected 
at the bott* ,n by a pool of bismuth that initially 
contained 0.13 mcle % thorium. During operation of 
the experiment, salt is circulated from the fluoride salt 
reservoir to one compartment of the contactor at tine 
rate of about 33 ml/min, and LiC) is circulated between 
the other compartmert and the stripper at about 1.25 
liters/min; these flow ,-ates are 2% of those expected foi 
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Fig. 16.1. Flow diagram for metal tnaafer experineat MTE-3. 

processing a 1000-MW(e) MSBR. Mechanical agitators 
having 2%-in.-diam blades are used in each phase to 
contact the salt and metal without causing dispersion of 
tie phases. The system operates at about 650°C. A 
tnore detailed description of the equipment was pre-
senM previously.f «2 

To uegin operation of the system, the rare earths were 
added to the fluoride salt reservoir; then th? rate of 
transfer of the rare earths across die three salt-metal 
interfaces was determined from samples of each phase. 
Overall mass transfer coefficients were calculated from 
the resulting data by using the general equation shown 
below: 

' - * ( ' * - % ) • (1) 

w ere 
/ = transfer rate, g cm"2 sec"1, 

K = overall mass transfer coefficient, g cm"2 sec"1 

(g/cnvM, 
Cs - rare-ea; th concentration in the salt phrse, 

g/cm3, 
Cm - rare-earth concentration in the meta! t'.izz*. 

g/cm , 

1. E. L. Youngbiood, h. 0. Wecrc:>. and L. E McNtese, AfSK 
Program Semannu. Progr. Reu. Feb. 29. 1972. ORNL-4782. 
pp. 21'-24. 

2. E. L. Nicholson et al., MSR Program Semiannu. Progr. 
Rep. Au& 31.1971. ORNL-*728, pp. 209-12. 

D - distribution coefficient, CmfC,lt at equilibrium. 

The first two runs in the MTE-3 equipment were 
made using only the 2 2 8Ra(which distributesstmilariy 
to a divalent -are earth) that was present in the fluoride 
salt as a decay product of thorium. After these nuts had 
been completed, S10 g of LaF3 was added to the 
fluoride salt reservoir to produce a lanthanum concen
tration of 0.15 mole %, and two additional runs were 
made. A quantity o f ' s 4 E u (14 mCi) was then charged 
to the fluoride salt reservoir. After addition of the 
I a 4 £ u , transfer rates for lanthanum and europium 
could be determined for each run; hewever, the rate for 
radium could no longer be meesired because of 
counting interference. Agitator speeds not exceeding 
200 ipm have beer, ttsed in all of the runs matit dtus 
far, since it is desirable to obtain all of the data needed 
at the lower roeeds before using higher speeds that 
could result .i transfer of salt between the two 
compartment of the contactor via entrainmtnt m the 
circulating ;snuth. 

The overall mass trrjsfe. coefficients that have bten 
determined for radium, lanthanum, and europfcm 
(Sunny a tatal of «ix uns at agitatoi speeds cH 100 <. 
200 'pm :re summsrizrd in Table 16.1. Mass transfer 
coefficients measured u this experiment have been 
compsi""1 v th r-iu-» predicted by a maw transfer 
coaptation developed by Lewis,3 who studied mast 
transfer rates in aqueous-organic systems. Based on a 

3. J. B Lewis, Ckenx Eng. Set 3,248- 59 (1954). 
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literature survey of available mass transfer correlations 
and a limited amount of mass transfer data obtained 
using aqueous solutions ami mercury, the Lewis corre 
latum appears t o be the best available correlation for 
predicting mass transfer coefficients for experiment 
IATE-3, even though the correlation was developed for 
aqueous-organic systems having considerably different 
physical properties from those of salt-bismuth systems. 
The Lewis correlation allows calculation o f the indi
vidual mass transfer coefficients for each of the two 
phases present at a nvrchankally agitated interface from 
the physical properties o f the two phases in contact and 
,rom the Reynolds number based on the agitator 
diameters. Overall trass transfer coefficients can be 
calculated from the individual coefficient' the 
distribution coefficient by using the fcllov qua-
tkm: 

K~kt Dk2

y '% 

where 
X = overall mast tramier coefficient, g c m " 2 

s e c ' 1 ( a / c m 3 ) , 
* i , Jtj " ^dividual mass transfer coefficients, g e m 

sec" 1 ( g / c m 3 ) , 
D * distribution coefficient, Cm/Cr 

Using n>; overall mass transfer ec* ftkierits measured 
for radium, bfi&anum, and europium in *'TE-3, the 
individual mast transfer coefficients were calculated by 
using Eq. (2 ) and the Lewis correlation. In the 
calculation, it was assumed that the ratio o f the two 
individual coefficients at an interface was the same as 
that predicted by m e Lewis correlation. It was neces
sary to use estruated values for the coefficient for the 
distribution o f radium between the fluoride sait and the 

I l W &%•>!• •SMB QHHNaT COCuKHflCat aaWBMHfei 

M a | a ^ . Agitator fpeed K% Ki JK3 

(rpa) (aa/sac) (cn/«ec) ( ca /»c) 
ftadam 100 0.00007 0.03 0.003 

200 04KG32 0.J2 0.013 
Unjtm 100 0.00005 0.032 OA0C9 

2VC 0.00026 0.0W 04)03 
UuOmnrM 200 0.00005 94)0003 0.008 

« £ , —awnrt at flaorW* aUt-Bt-Th iaterface, Kt a m m n d 
at ItMHai dikxlde-Bi-Th iaterface; i t , mearared at fthJam 
cafc*fck-LJ4i interface. 

bismuth-thorium phase since values have not been 
determined experimentally. A comparison of the indi
vidual mass transfer coefficients from experiment 
MTE-3 with values predicted by the Lewis correlation is 
shown in Fig. 16.2, where the teim of the Lewis 
correlation containing the individual mass transfer 
coefficient is plotted against the term containing the 
Reynolds numbers and the viscosities c f the two phases. 
The dashed line represents values predicted by the 
Lewis correlation. The lines labeled k{ and k2 o>3ign.\te 
the individual coefficients between the fluoride salt aiid 
Bi-Th solution, and the lines labeled £ 3 and k4 

designate the individual coefficients between the UC1 
and Bi-Th solution. 

The values for the individual coefficients show the 
same general dependence or. Reynolds number as that 
suggested by the Lewis correlation; however, the 
experimentally determined values o f mass transfer 
coefficients obtained for lanthanum are considerably 
lowt than predicted by the Lewis correlation, while 
the values for europium are only about 10% o f those 

OftNL-OVG 72-784«RA 

Ffe. U J . Cooabtioe of mmm traaete coaffideat eat* for 
nmmm, aajaaphaa, and NuMhaaaai froai natal traaafMr ar^t i 
•Mat MTE-3. 
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predicted. It is thought that the low transfer rates 
observed for europium and lanthanum may be caused 
by the presence of an oxide film at on or more of the 
interfaces (zs the resu't of impurities in th? system). We 
believe ih.i* the rate of transfer of lanthanum and 
europiuiTi can be increased considerably by either 
cleaning the system to remove these alms 01 by 
increasing the agitator speed sufficiently to break them 
up. 

16.2 DESIGN OF THE METAL TRANSFER 
PROCESS FACILITY 

W. L. Carter E. L. YoungMcod L. E. McNeese 

We have previously4 described tl*% preliminary design 
for the metal transfer process facility (MTPF), in which 
the fourth metal transfer experiment (MTE-4) will be 
carried out. This experiment will use salt and bismuth 
flow rates that are 5 to 10% of those required fot 
processing a 1000-MwXe) MSBR. The principal equip
ment items are: (1) a fluoride salt surge tank, which has 
a volume of about 300 liters and will consist of a 
carbon steel liner in a stainless steel vessel; (2) a 
three-stage salt-metal contactor made of graphite and 
enclosed in a stainless steel containment vessel; (3) a 
stainless steel vessel using a graphite or carbon steel 
Mner in which rare earths win be accumulated in a 
lithhim-bismudi solution having a volume of about 100 
titers; and (4) a hydrofluorinator mat consists of a 
graphite crucible enclosed in a stainless steel vessel and 
has a volume of about 1 SO liters. 

During this report period, discussions were held with 
a graphite man-tacturer in order to ensvre preparation 
of the optimum desigi for the graphite portions of the 
salt-metal contactor with regard to ease of fabrication 
and accepted design technology for vessels made of mis 
material. Minor design changes suggested by the manu
facturer have been incorporated in the design, and 
samples of the suggested grade of graphite have been 
obtained tor compatibility testing with molten salts and 
bismuth containing lithium and thorium at concen
trations of about 0.002 and 0.0fr•' .'ok fraction, 
respectively. Fabrication of the grapfc. parts of the 
contactor appean to be within the manufacturing: 
capability of the graphite industry, and the preliminary 
quotation of $8500 (f.o.b., the manufacturing site) for 
the completed assembly is considered to be acceptable. 

4. W. L. Carter et «L, MSR Prognam Semkmm. Progr. Rep. 
Feb. 29,1972. ORNL-4782, pp. 224-25. 

No further design work for the facility will be carried 
out until the compatibility studies have been completed 
and additional data have been obtained on mass transfer 
rates in stirred-interface salt-metal contactors. 

163 DEVELOPMENT OF MECHANICALLY 
AGITATED SALT-METAL CONTACTORS 

J. A. Klein H. O. Weeren L. E. McNeese 

Mechanically agitated nondispersive salt-metal con
tactors are being considered as alternatives to packed 
columns for MSBR processing systems. Such contactors 
are of particular interest for use in the metal transfer 
process, since designs can be envisioned in which the 
oismuth in the contactor would be a near-isothermal, 
TTiternaOy circulated captive phase. In addition, it is 
believed mat contactors of this design may be more 
easily fabricated than packed columns. Another poten
tial advantage is that adequate mass transfer rates may 
be obtained without dispersing the salt or metal phases. 
This mode of operation should eliminate the problem 
of entndnment of bismuth in salt streams and is highly 
important in the case of the fluoride sah stream, since 
an MSBR will be constructed of a nickel-base afioy that 
is subject to attack by metallic bismuth. 

Since the important physical properties of molten 
salt-bismuth systems (viscosities, densities, a: J density 
difference) are quite similar to those for the mercury-
water system, suidies made with simulated contactors 
using mercury and water will allow examination of the 
hydrodynamic and mast transfer characteristics of this 
type of contactor unto highly desirable conditions for 
experinrntatiofi. We have previously summarized re
sults of hydrodynamic studies,5 and more recently we 
have reported pretimineiy results on the measurement 
of mass transfer coefficients for the extraction of sflver 
from an aqueous phase containing AgN0 3 at low 
concentrations into the mercury phase.* During 'Jus 
report period, our work was Jmed at finding matfiials 
that distribute between aqueous 2nd mercury phss«* in 
a manner suitable for quantitative study of facto,* 
affecting mass transfer rates in nechamcatty agitated 
contactors. After a number of candidate materials had 
been examined, the extraction of lead from an aqueous 
phase into mercury containing zinc at low cencen-

5. H. O.WeertviriL E.Hche**, MSR ProtnmSemtcmtL 
Fmp. Rep. Aug. 31,1971, ORNL-4728, pp. 207-9. 

6. H.Q.We€tn»miL.E.HcH*m,MSRrn>inmSei**mu. 
fngr. Rep. Feb. 29.1972. ORNL-4782, pp. 225-27. 
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tnttons, according to the reaction 

Pb(N0 3) 2 ^ , 0 1 +Zn(HgI -Pb(Hg] 

+ Zn(N03>2 IH2OJ , O) 

was fo-md to be quite satisfactory. Problems associated 
with formation of interfacial solids were encountered 
initially; however, they were circumvented by the 
addition of sufficient HC1 to the aqueous phase to 
produce an HC1 concentration of about 4 X 10~3 N. 
This quantity of add prevents torauticu of solids at the 
interface without causing precipitation of PbCl2 or 
formation of significant quantities of ZnCl2-

Four series of transkat batch-extraction experiments 
were performed to determine die variation of mass 
transfer fate with changes in agitator speed and ceO 
geometry. In aD cases the ceO was circular, had a 
diameter cf 6 i*v, and contained about 1 liter of each of 
the phases. The Initial concentrations of zinc in the 
mercury and Fb(T403)3 in the aqueous phase were each 

0.1 M. Both baffled and nonbaffled cells were used. 
Agitator diameters of 3 and S in. were employed. The 
agitator blades were straight in three series of experi
ments; in the fourth, they were canted at a 45° angle. 
Samples of the aqueou? phase were obtained at intervals 
during each run and were analyzed for both zinc and 
lead by the atomic absorption technique. The overall 
and individual mass transfer coefficients for the transfer 
of lead and zinc were then determined. 

Remits of these sudies are presented in Fig. 16.3. 
The range of literature values for aqueous-organic 
systems and a correlation derived by Lewis7 using data 
on the rate of mass transfer between v. iocs aqueous 
anw organic liquids are also included in t :e figure. The 
correlation, an empirical equation, is repre rented by the 
following expression: 

^ i = 6 . 7 6 X 10" i Rei +Rea 
* ) " 

.65 
+ 1 (4) 

7. J. B. Lewis, Chem. Eng. ScL i, z48 -59 (1954). 
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where the subscripts refer to the two phases and 

k - individual mass transfer coefficient in indicated 
phase, cm/sec, 

v = kinematic viscosity of indicated phase, cm2 /sec, 
Re = Reynolds number based on agitator in indicated 

phase = £>2/V/V, 
D ~ diameter of agitator in indicated phase, cm, 
N - agitator speeds, rps, 
T? = viscosity of indicated phase, g cm"1 sec"1. 

This relationship indicates that the rate of mass transfer 
in 1 mechanically agitated nondispersive contactor is 
dependent only on eddy transport and is independent 
of the molecular diffusiviry of the transferring material 
in either of the phases, ft is seen that the data obtained 
in the present study using 3-in.-diam straight blades in a 
baffled cell are in good agreement with the Lewis 
correlation, as would be expect, d. It is also seen that: 

1. For the same value of the Reynolds number func
tion, both straight and canted agitator blades pro
duce approximately the same value for the indi
vidual mass transfer coefficient. However, the use of 
canted blades allows operation ?? slightly higher 
agitator speeds. 

2. The mass transfer rate is increased by the use of four 
1 in. vertical baffles. The mass transfer coefficients 
obtained with the baffled cell have values that are 
two to three times those obtained with an unbaffled 
cell. The use of baffles also tends to reduce the 
formation of a cental vortex in the cell and permits 
operation at hitter agitatcr speeds. 

3. As the agitator diameter is increased, the mass 
transfer rate decreases at a fixed value for the 
Reynolds number function; however, the use of 
agitators with larger diameters results in a higher 
value for the Reynolds number function at a fixed 
agitator speed. Consequently, the individual mass 
transfer coefficient may remain approximately con
stant as the cell and agitator sizes are increased. 

The main conclusions reached thus far in the study are: 
1. The lead-zinc system is quite satisfactory for deter

mining mass transfer rates in simulated stirred-
interface salt-metal contactors using mercury and 
water. 

2. The individual mass transfer coefficients in a water-
mercury system (and probably in a salt-bismuth 
system) are predicted reasonably well by the Lewis 
correlation. 

3. A baffled contactor or a contactor configuration 
that performs as . baffled system (such ?s a 
semicircular or square cell) is h'ghiy desirable. 

16.4 REDUCTIVE-EXTRACTION 
ENGINEERING STUDIES 

B. A. Kannaford W. M. Wocds L. t . McNeese 

Three mass transfer experiments were performed in 
which ths rates of transfer of 9 7 Zr and 2 3 7 U from 
molten «dt to bismuth were measured by yĵ jwg the 
respective tracers to the salt phase prior to contacting 
the salt with bismuth containing reductant in an 
0.32-in.-ID bv 2-f?4ong packed ^umn. The fractions 
of 9 7 Z r ami 2 3 7 U transferred ranged from 36 to80%at 
extraction factors ranging from 13 to 6.3. The overall 
HTU values based on the bismuth phase ranged from 
4.7 to 7 3 ft. The overall HTU based on the bismuth 
phase appears to be constant and equal to about 4 3 ft 
for extraction factors near unity. 

Mass transfer experiments UZTR-2, -3, and -4. Three 
mass transfer experiments (UZTR-2, -3, and -4) were 
made in which the rates of transfer of both 2 3 7 U and 
9 7 Z r were measured. These experiments were separated 
by suitable time intervals to pe^at the d:cay of 
residual 2 3 7 U (half-life, 6.7S rVy*} activity and to 
permit the adjustment of the u arium and zirconium 
distribution coefficients to the desired values before 
each experiment. 

Experiment UZTR-2 was carried out v.ith a nominal 
volumetric flow rate ratio of wiry. Control of toe 
bismuth flow rate was not satisfactory throughout the 
entire run because cf a malfunctioning controller; 
however, a 20-min period of steady flow was obtained 
with bismuth and salt flow rates of 172 and 187 
ml/min respectively (see Table 16.2). Three sets of 
flowing stream salt and bismuth samples (i.e., a total of 
six samples) were taken during this period; the reported 
2 3 7 U and ° ~IA concentrations were constant to within 
±6% for these samples. As noted in footnote a of the 
table, the results for uranium transfer were calculated 
by using correction factors (determined by ana'yses of 
samples from run UZTR-3) that take into account the 
attenuation of the weak 0.208-MeV gamma in the solid 
bismuth and solid salt samples. The data reported 
previously for experiment UZ1R-1 were corrected 
similarly. The results for runs UZ'fR-1 and -2 indicated 
a relatively nanow range of calculated HTU values (i.e., 
4.1 to 5.1 ft). 

Following run UZTR-2, 1 g-equiv of beryllium was 
electrorytically dissolved in the salt and bismuth in the 
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treatment vessel in order to increase the distribution 
coefficients for zirconium and uranium signiiicantly. 
Analyses of the equilibrated salt and bismuth phases for 
uranium (by the wet analysts method) and 2 3 7 U (by 
gamma spectromttry) showed a substantial disparity; 
including the results from samples taken after both 
UZTR-1 and -2, the value of the Diny/Py ratio 
ringed from 0.23 to 0.42 rather than being unity (the 
expected value). 
. In order to obtain accurate data concerning the 
inventory of 2 3 7 U tracer in the system, the bulk of the 
salt was transferred from the treatment vessel to the salt 
feed tank, and a nominal I0-mCi charge of 2 3 7 U was 
added to the salt. After a uniform concentration of 
tracer had been obtained, the salt was transferred io the 
treatment vessel where the bismuth and salt were 
equilibrated and sampled. The combined 2 3 7 U activity 
in the bismuth and salt was found to be only about 63% 
of die initial activity in the salt phase; this iCiult is in 
good agreement with measurements made at the con
clusion of experiment UZTR-2, where the corre
sponding 1 3 7 U balance was 68%. This confirmed our 
suspicion that significant attenuation of the 0.208-MeV 
gamma was occurring during counting of the solid salt 
and bismuth samples in the stainless steel sampler 
capsules. The bismuth and salt samples (that had been 
counted previously) were drilled out using a small lathe 

and were dissolved for total uranium and for 2 3 7 U 
analyses. Counting results for 2 3 7 U on the resulting 
solutions produced a tracer balance of 101 to 106% 
based on analyses of samples from the salt feed tank to 
which the tract: was initially added. The resulting 
attenuation of the weak C.208-MeV gamma was about 
63 and 29% for the bismuth and salt samples respec
tively. Despite the good tracer balance, die counting 
results for the dissolvent solutions were still somewhat 
bi?-^d; the 2 3 7 U activity per microgram of uraniun in 
tne dissolved bismuth samples was only about 83% of 
the activity per microgram of uranium in the dissolved 
salt samples. 

The bismuth and salt were transferred through the 
system to check out the operation of the bismuth flow 
control system after modifications (new vgon control 
valve trim and addition of capacitance to tlv? pneumatic 
signal line to the valve) had been made to correct the 
previous difficulty with the control system. Significant 
improvement in the operation of the system wis noted 
Experiment UZTR-3 was then carried out at bismuth 
and salt flow rates of 239 and 61 ml/min respectively; 
the bismuth flow rate deviated from the programmed 
rate by a maximum of about 7% during a 7-min period 
midway during the run. All camples taken during the 
experiment were dissolved for dvtcnninaiion of 2 3 7 U 
and total uranium. On the basis of thf actual weight of 

r-*iei6.2. SaauaiyoricfritsfeMB9 7Zr*ad2 3 7Utnccr 

Ran Tracer 
Bismuth flow 

rate 
(toil took) 

Salt flow 
rate 

(ml/rrjn) 

Distribution 
ratio 

(volumetric) 
Extraction 

facto: 
Friction of 
Lr(orU) 

transferred 
HTU 

ZTR-2 Zr 232 70 0.282 0.93 0.30 3-5 
ZTR-3 Zr 93 168 1.67 0.92 0.30 4.6 
ZTR-5 Zr 147 1S8 0.21 0.195 0.14 0.5-1.6 
ZTR-7 7r i J l 105 0.852 1.47 0.44 4.3 
ZTR-9 Zr 45 277 3.40 0.55 0.17 4.6 
ZTR-10 Zr 46 283 3.78 0.61 0.22 4.7 
UZTR-1 Zr 143 161 0.40 0.36 0.12 4.5 

\? 0.49 0.43 0.1' 4 1 
UZTR-2 Zr 172 187 1.?'/ 1.26 0.36 4.8 

U« 1.43 1.31 0.36 S.l 
UZTR-3 Zr 239 63 1.58 6431 0.80 6.9 

U» 1.67 6.35 0.80 7.3 
UZTR-4 Zr 233 77 0.964 2.93 0,66 4.7 

U» 1.25 3.79 0.67 6.2 

« 7 , 'Uranium transfer results were calculated from U concentrations after they had been corrected 
for attenuation of the 0.20841 eV gamma in the toHd samples. 

'Uranium transfer results were calculated from 
&4ng dissolved samples of bismuth and salt. 

M? U concentrations, wHch were d>'«miued 
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material dissolved for solution counting of the 
0.20S-Me\ gamma, the calculated attenuation was 59% 
for the solid bismuth samples and 26$ for the solid salt 
samples. Analyses of ien pairs < f eqjflibrated post-run 
samples of bismuth and salt for uranium by wet 
chemical means indicated a Dv of 1.89, which is in 
excellent agreement with the 1.93 value inferred from 
2 ? 7 U counting of the same samples. The HTU values 
for zirconium and uranium were 6.9 and 7.3 ft 
respectively (see Table 16.2). 

Following the usual time interval for decay of 2 3 7 U 
activity in the system, mzss transfer experiment 
UZTR-4 was carried out. Somewhat lower values for 
the zirconium and ur«niufn distribution coefficients 
were obtained ir thh run as the result of a slow loss of 
rejuctant ii->m the bismuth in the treatment vessel 
between experiments. The rate of reductant loss prior 
to run UZTR-3 was about 0.58 meq/hr; the rate cf loss 
prior to run UZTR-4 was about 0.26 meq/hr. Measure
ments made thus far of the rate of loss of reductant in 
the system generally fall within this range. The .esults 
for run UZTR-4 were calculated from four pairs of 
flowing stream samples that were not affected by a 
mid-run deviation in bismuth flow rate of about 12%. 
This deviation in flow rate was the result of a 
malfunction of the ramp generator-transducer. 

Following i.in UZTR-4, 10 g of beryllium metal was 
electrolytically dissolved in the treatment vessel in 
order to increase Dix to about 300 prior to the next 
mass transfer experiment with 9 7 Zr and 7 3 7 U . This 
exoeriment was postponed, however, when a bismuth 
line failure occurred that resulted in the release of 
about 1 liter of fluid (tl&.ujth plus salt) from the 
system. The appearance of the failure suggested that it 
was caused by the expansion of freezing bismuth. The 
affected line had been subjected to about 18 freeze-
thaw cycies. The line was replaced, and salt and 
bismuth containing reductant were then circulated 
throughout the system to remove trace oxides that 
might have been introduced to the system. The com
bined salt and bismuth phases were then contacted with 
a 10-liter/min 30% HF-H2 stream for 15 hr to remove 
oxide from the salt. 

Correlation of mast transfer results. Mass transfer data 
from all tracer experiments made to date8 are sum
marized in Table 16.2 and are plotted (except data for 
run ZTR-5) in Fig. 16.4 as suggested by a correlation 
that was devised to predict the relationship between the 

8. B. A. Hannaford, D. D. Sood, W. M. Woods, and L. E. 
McNeeie, MSR Program Semanrm. Progr. Rep. Aug. 31.1971, 
ORNL4728. pp. 212-14. 
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Fig. 16.4. ComfatKMi of data oa finctkn of tracer extnctai 
(/) ia taw of the exfnctim factor t£) for Ike tnmfer of * 7 Z r 
aad 2 3 7 U froai MSBR fad salt to biawaft. The bat corre
sponds to an HTU value of 4 J ft. 

extraction factor (£) rtd the fraction of materia! 
extracted (/). The overall HTU based on the bismuth 
phase, which is inversely proportional to the slope of 
the line through the points in Fig. 16.4. was calculated 
from the data in this figure to be 4.3 ft. Data from runs 
UZTR-3 and -4 diverge from the ether data in die 
expected direction since the fraction of a material 
extracted should approach a constant value as the 
extraction factor is increased. 

163 REDUCTIVE^XrRACnONPROCESSIi;G 
FACILITY DEVELOPMENT 

W. M. Woods W. F. Schafftr, Jr. L. E. McNeese 
Construction of the reductive-extraction processing 

facility (RfcFF) dcscruW previously9 will require joints 
in molybdenum tubing, some of which rauf • be made in 
the field. While it is feasible to weld molybdenum, the 
weld-affected region is embrittled, and the weld rejpen 
must be supported in order to ensure that stresses 
remain acceptably low. Such welds are expensive; tiros 
some near-standard-type tubing fitting would simplify 
construction of equipment for enginee -tag development 
studies. 

During this report period, we farad that it it feasible 
to flare arc-melted, low-carbon, low-oxygen motyb-

9. W. M. Woods, W. F. Scteffer, Jr., aad L. E. McN*to>,#3A 
Program Semmnmu Progr. Rep, Feb. 29, 1972. QRNL-4712, 
pp. 230-31. 
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denum tubing (available commeiviaBy) in V . %-. and 
%-m. sizes by using a standard hiring tool. The tool is 
assembled to the tubing, and the toe 1-and-tubing 
assembly b heated to 275°C. Subsequently, the flaring 
cone is run in until the force required begnu to increase 
tharpry; then the parts are reheated. Three or four 
reheats have usually been sufficient for completing -» 
flare. It is anticipated that a tool with a built-in heater 
can be developed to facilitate the flaring. 

We have not determined which type of flare fitting :s 
the most effective. One could, of course, use an 
aC-fnoiybdenurn fitting. However, molybdenum-on-
morybdenum threads tend to gall, and it is difficult to 
tap threads in a molybdenum nut. Thus, it would be 
desirable to fabricate the nut from some material other 
than molybdenum. On ihe otber hand, because of the 
very low coefficient of thermal expansion of molyb
denum (036% from room temperature to 600°C), 
almost ^ny other potential materia! would expand more 
man the molybdenum, and the joint would loosen upon 
beng heated. 

W. F. Schaffer, Jr., suggested that if a ferrule of 
suitable length (Le., a ferre'e that expanded more than 
either molybdenum or die material of the nut) were 
placed underneath the nut so as to be in compression, it 
should be possible to compensate for die differential 
axial tJiermal expansion. Analysis of diis suggestion 
leads to tne following relationship for the telative 
lengths of the parts needed for compensation: 

where Lf and Lm are the lengths of die ferrule and the 
body of the molybdenum fitting, respectively, LhC p is 
die percent expulsion from the reference temperature 
to 600*C for nut, molybdenum, and ferrule, as indi
cated by the subscrif ts. While the suggested method 
would compensate for differentia) axial expansion, 
dtere are two further sources of loosening, both of 
which are causeo by differential radial expansion. If the 
ferrule were made to fit die conical surface of the 
reverse side of the tubing flare, differential rad».ai 
expansion of die ferrule would lead to an axial 
loosening (assuming that the surfaces slid smoothly on 
each other). Similarly, because of the 60° angle of the 
tiueads, differential expansion of die nut in the radial 
direction would cause a loosening in the axial direction. 

Both of tihe expansion effects cui be compensated for 
by making die ferrule sufficiently long. The relationship 
for compensation of each of these two effects <s: 

Ai/» [0>, -^)%-P«)J(^/2)cota, (6) 

where ALfh the additional length of ferrule needed;/) 
is die appropriate diameter (the pitch diameter in the 
case of the nut, the average diameter in the case of the 
ferrule); and a is one-half the !P«*hided angle of the flare 
for the ferrule and 30° for the nut, assuming a 60° 
thread. Comfx«satirr» for radial expansion of the 
ferrule may be obviated by employing a molybdenum 
washer shaped to fit the reverse side of die tubing flare. 
Because cot 90° = 0 in this case, no compensation -s 
needed. 

Since it is not at all obvious that surfaces that are 
clamped together, as in a tightened flare fitting, will 
slide freely on each other, a set of fittings compensated 
only for axial expansion was designed The bodies of 
the filtinp were made of molybdenum ipn - 0.36% 
from room temperature to 600°O. The ferrules were 
fabricated of 304 signless steel (jy = 1.12$), 2iid the 
nuts were made of low-carbon steel (pn = 0.&4%). Test 
assemblies were Prepared in %-, %-. and %-in. sizes, 
using a 45° flare. Fipi*g 16.S shows the unassembled 
parts for die test pieces; Fig. 16.6 shows die lest pieces 
after assembly. Each assemefy was placed inside a 
stainless steel enclosure, and the interiors of the 
assemblies were pressured to 65 psig with helium. The 
containers for die assemblies were connected to a 
vacuum pump, vacuum pressure gages, and a helium 
leak detector; then die units were placed in a furnace 
and subjected to thermal cycling between 3C0 and 
600°C. 

Hetium leak tests showed tiiat aD of the units were 
leak-tight at room temperature before die start of the 
test and remained teak-tight at 300CC. However, the 
%-in. un;t leaked grossly after two cycles to 600°C. It 
should be ztn'jtd that the %-in. tubing was less duc'ile 
than die tubing in die other two sizes. For example, it 
was not possible to obtain a fu'l flare without cracking 
the %-in. tubing. The %-in. unit did not leak during the 
two thermal cycles; although die V2-in. unit had a 
measurable leak tc helium, it would not have leaked 
molten salt or bismuth. 

After all the fittings had been retorqued at 27S°C, 
thermal cycling was continued. Gross leakage wes 
observed for die %-in. unit after two additional cycles 
to 600°C and for the %-irt unit after four additional 
cycles to 600°C. No leakage was observed for the %-in. 
unit before the test was terminated. 

From die results of tiiese tests we conclude that die 
general idea of temperature-compensated fittings is 
sound but tiiat compensation for radial differential 
expansion is necessary. Consequuitiy, a set of test units 
has been designed using ?. 37° flare, a molybdenum 
washer under a type 304 stainless steel ferrule, and a 
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PHOTO HOO-T? 

Fig. 16.5. Uussnabled test pieces for testing notyMemun fittings with 45°-Oared of^V«-*^i 

PHOTO m*-n 

Fig. 16.6. Asserr.bied tent piecet for testing molybdenum fittings with 45*-flared morybdcneni tnbing m stoes of %f %, and % ta. 

type 410 stainless steel nut. The constants for this 
design are. pm - 0.36% from.room temperature to 
600°C; Pf*\A2%'tpH* 0.74%. Tlw fittings have been 
designed to be fully compensated for both axial and 
radial expansion. When fabrication has been completed, 
they will undergo thermal cycling between 300 and 
600°C until failure occurs. 

166 DESIGN OF A PROCESSING MATERIALS 
TEST STAND AND 1W£ MOLYBDENUM 
REDUCTIVE-EXTRACTION EQUIPMENT 

W. F. Schatfei, Jr. 

As the design phase for die all-molybdenum reduc
tive-extraction system nears completion and »he as-
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«mbry phase begins (a cooperative effort between the 
•Themical Technology and the Metals ?Jid Ceramics 
Divisions), we feel that a review of the status of the 
program is apropos. 

We have competed the design drawings (including 
revisions necessary to amplify or improve assembly, 
fabrication, and welding and brazing techniques) for the 
foQowh^ program phases: (1) di-roolybdenum system 
components, (2) connecting molybdenum piping and 
fittings, (3) freeze valve assembly, (4) structural sup
porting components, brackets, and braces for the 
molybdenum system, (5) assembly fixture and trans
port jig for die molybdenum system, (6> cc-siiaHHnrui 
vessel, indudmg die top flange with the transition 
nozzles for connecting the molybdenum system to the 
required service and instrument hues, (7) interna! 
insulation to ensure that the top flange wiS not exceed 
the 75C°F design temperature, (8) fixtures or liftxg 
aad lowering the moiybdenum system into the contavi-
ment vessel, aad (9) containment and operating ceL 
structural modifications »nd containment vessel sup
port. We have ab" examined the design lad stress 
calculations for al critical regions to ensue success of 
the system. The design of the containment vessel has 
been reviewed and approved by the Pressure Vessel 
Committer. 

The rmal madmang of afl the molybdenum com
ponents has been completed, and these components 
have been inspected and stress-rehe\<rd by me Metals 
and Ceramics Division. AH other parts required for the 
reductive-extraction system assembly, indudrng the 
freeze valve, vessel support* and associated hardware, 
nozzle inserts, flange asstrubfy, and assembly jig, have 
been fabricated and delivered to the Metals and 
Ceramics Division. A trial assembly of die components 
on the assembly fixture with the connecting piping and 
supporting structural system was made and checked 
against die design drawings. No significant problems 
were found; all line dimensions were within the 
specified tolerances. The remaining design work pri
marily involves the electrical wiring for the containment 
vessel and transfer line heaters, the instrunrr.tztion and 
control panels, and the services. 

Following completion of the assembly jig, the frane 
was test loaded to meat, re torsional twist and was 
found to be in ckxe agreement with the calculated 
values. We prepared procedure and checklfjts to cover 
the movement A the competed moJybdVnum system 
from the assembly area (on th > sec md floor of ttldg. 
4508) to the off rating area (on the third floor of Bldg 
4505). The procedures were reviewed with the field 
eRgfneer, the rigger foreman, and technical personnel. 

The wooa-and-sted mockup of the system was con
nected to the assembly jig, along with welded test 
specimens of molybdenum tubing supported only by 
the ends to the loop support pipe in several strategic 
locations. Strain gages for measuring both bending and 
torsion ind two accekrometers for measuring hori
zontal and vertical acceleration were installeo on the 
frame. A transfer of the mockup between the two 
working areas was made successfully without damage 10 
the mockup or molybdenum specimens. Most of the 
shock loads were less than % g. One shock 'oad of 
about 2 g was recorded when the assembly frame was 
inadvertently nsimaicheu with the inuinion support. A 
minor adjustment of the parts and procedures will 
prevent a recurrence of this problem. 

The present schedule calls for completion of assembly 
of the molybdenum system dnring the early part of 
November 1972. Preparation of the cell when the 
equipment wiD be mstr^ed is scheduled to begin in 
September. The containment vessel which is curreritty 
being fabricated will be installed during October. 

16.7 REMOVAL OF BfSfcATt H 
FROM MSBR FUEL SALT 

R. B. Lindauer 

A program has been initiated to determine the 
concentration of bismuth in fuel salt after the salt has 
contacted bismuth in the various engineering develop
ment experiments. The objective of this program is to 
determine the probable concentration of bismuth in salt 
leaving an MSBR processing oiant. Later, methods for 
preventing entramment of bismuth in salt will be 
studied, and means for removing bismuth from salt will 
be evaluated. 

An important part of this program is the development 
of effective techniques for obtaining salt samples from 
experimental sys?*mr. Table 16.3 summarizes thr re
sults of analyses of samples taken from six vessels, u> ~g 
various types of samplers. The lowest reported bismuth 
concentrations are believed to be the most representa
tive because of difficulty with contamination of the 
sample, either during the sampling procedure or during 
the sampler cleaning operation. The highest reported 
bismuth concentrations were obtained when t!ie sam
plers were withdrawn though sample ports used for 
obtaining both bismuth and salt samples, as in experi
ment MTE-2B and in the salt-metal contactor for 
rxperi!7<cm MTE-3. 

Our experience wiih the various types of samplers 
u&ed to date ĉ n bf; sH.nnv.rized as follows: 
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1. Stainless steel vacuum sampler (filtered). This 
sampler, which is the standard one used in the 
engineering experiments, is disadvantageous in two 
respects: difficult has been experienced in crushing the 
salt from the V4-in.-OD tubing, and there is a possibility 
that bismuth will be removed from the sample by 
filtration or adsorption on the filter as the salt passes 
through the porous metal. 

2. Quartz tubing sampler (unfUtered). The simple is 
withdrawn into the tubing (approximately \ in. ID) 
with a vacuum syringe. Although this sampler resulted 
in the lowest reported bismuth cG&jcntfatioas fo-
samples taken from experiment MTE-2B, it is too 
fragile for routine use. 

3. Mild-steel dip sampler (unfUtered) Several sub
mergences, as weD as rapid movement, of the sampler 
are usually required tc Sfl the %-ui -OD cup. *Ve were 
unable to obtain <am|:'*s from experiment I4TE-2B. It 
is feared that the rapid movement of the sâ Tipier might 
cause entrairsnent of bismuth in the salt in systems 
•*here a sample must be taken in the vicinity of a 
salt-bismuth interface. 

4. MSd-sted vacuum sampler (unfiltered). This %-
in.-OD sampler proved to be reliable but was difficult to 
dean. Evidently, h>muth adhered to the outside of the 
sampler during passage through the svnpier pert This 
material is not readily removed by f ,c of a file or emery 
doth. Some decrease in the reported bismuth concen
tration 7.x otserrzd after the sampler cleaning tech-

niquf was modified. In the new technique, the salt-
con ta ning portion oi the sample- is net clamped in the 
lathe, and new tools are used for cutting open each 
sampler. 

5. Steel-sheathed vacuum sampler (unfiltered). A 
removable steel sheath is placed over the sampler to 
prevent contact of the sampler villi uie sample tube. 
This sheath increases tie sampler diameter by % in. and 
prevents the %-in.-diam sampler from being used 
except in the treatment vessel for tlie mild-steel 
reductive-extraction systerr the values for the bianuth 
ccficciiitauofl obtained wiui cite new type of sarrroier 
were much lower than had been obtained with previous 
samplers. Salt from the !4-in.-diam sampler cov-d no* 
be removed by crushing, and the required driBinr 
operation resulted «r. -he introduction of JOG particles 
in the sample. Dissolution of these particles with the 
sait produced a yellow color which reduced the 
sensitivity of the anaiyucai method for detection of 
bismuth. 

6- Copper vacuum sampler (filtered). This is the most 
recently evaluated sampler, and the initial results are 
very encouraging. This sampler has produced the lowest 
imported bismuth concentrations obtained to date, it is 
easy to clean, and the salt is readily removed by 
crushing. The haifwave potential for copper is suffi
ciently separated from that „f bismuth to eliminate 
interference in the analysis for bismuth by the inverse 
polaroeraphic method (which had been reported ini-

Table 16. J. .image* concentrations of banmtU in fluoride alt samples taken from raginf eying experiments 

Average bismuth concentration (ppm) 

Sampler MTE-2B 
Reductive extraction MTE-3 Sampling Sampler MTE-2B Treatment Salt >om 
tank cc'-unn 

Fluoride 
tank Contactor 

experiment 
(no Bi phase) 

Stainless steel vacuum (fil.^rtJ) 58(6) 
Quartz (unfUtered) 11.5(7) 
Mild steel dip (unfiltered) 60(5) 0.6(1) 355 (2) 
Mild steel vacuum (unfiltered); 

old cleaning technique 
25(1) 74(1) 17(1) 60 (*) 2.8 (2) 

Mild steel vacuum (unfiltered); 
new cleaning technique 

775 (2) 23(2) 36(6) 0.45 (4) 29(2) 1.0(2) 

Steel-sheathed vacuum (unfiltered) 
% in. OD (drilled out) 
% in. OD (crushed) 

77.5 (2) 
7.3 (3) 

200 (2) 

Copper, vacuum, Altered <0.t (3) 
Averages 120(18) 40(11) 36(6) 0.7 (2) 133(11) 0.8 (7) 

The numh*r of sample? on which an average is based is indicated in parentheses ai':r th«s valu; 
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tlally) unless the concentration of copper is much 
higher than the concentration of bismuth. 

Relatively high bismuth concentrations (7.3 to 775 
ppm) were obtained for all samples that were with
drawn through a sampb port also being ussd for 
obtaining bismuth sample; Only salt samples are 
withdrav/n through th? port on the fluoride salt vessel 
of experiment MTE-3, and the reported bismuth con
centrations ii: these samples have been consistently lew 
(0.45 to 1.7 ppm) and comparable to those takeu fro^i 
the sampling experiment that does not contain a 
bismuth phase. It is believed that the actual concen
tration of bismuth in the fluoride salt in the various 
experiment is consideiably lower than the reported 
values obtained thus far. 

16.8 FROZEN-WALL FLUORINATOR 
DEVELOPMENT 

J. R. Hightower, Jr. 

When an open-column continuous frozen-wall fluori-
nator is operated with nonradioactive salt, a heat source 
that is not subject to corrosion by the combined action 
of molten salt and fluorine must be present in the salt. 
Two methods for internal heat generation have been 
considered: radio-frequency induction heating and elec
trolytic or autoresistance heating using 60-Hz power. 
The induction heating method was judged to be inferior 
to autoresistance heating because of a narrow range of 
acceptable operating conditions and because of the 
complexity of the required power supply, power 
controls, ard power transmission equipment.1 0 

in initial tests on autoresistance heating in a 2.5-in.-
dtam simulated fluorinator, the desired mode of opera
tion could not be achieved because the frozen salt layer 
near the upper electrode was not electrically insulat
ing. 1 0 A study of the requirements for forming 
electrically insulating frozen salt laycis was then ini
tiated in a straight 6-in.-diam cylindrical vessel; in these 
tests, the high-voltage electrode was placed just below 
the salt urface st the top of t<:e vessel rather than in a 
side arm (as « planned in an actua' fluorinator). These 
tests have been successful in defini ig conditions ur.Uer 
which electrically insulating salt fii:ns can be foTncd. 

Equipment and procedures. A* described pre
viously,10 the equipment consisted of a vessel made 
from 6-in. sched 40 nickel pipe. The high-voltage 
electrode entered the vessel through a nozzle in the top 

10. I. R. Hightowrr, J'., "Frozen Wall Fluorinatcr Develop
ment,' MSR Program Semiannu. Ptogr. Rep. Feb. 29, 1972. 
OXNL-478A pp. 230-34. 

flange and protruded about 9 in. into the salt. The 
fluoritiator vessel, which was grounded, served as the 
other ehcttode. The test section consisted of a 4H-in.-
long section of the pipe that had been cooled by 
removing the thermal insulatic-i after the desired initial 
operatir.g conditions had been achieved; this allowed 
heat to be transferred to the -urroundings by natural 
convection and radiaiion. 

In a typicil experiment, the thermal insulation was 
removed from tl.e tejt section, and the wall tempera
tures in this repcr. were allowed to drop to about 
360°C (which is below the salt solidus temperature) in 
order to form a layer of frozen salt on the wssei wall in 
the test section. A 60-Hz voltage applied across the 
electrodes was ihen adjusted to produce the desired 
current through the molten salt (and, herce, tne desired 
heat generation rate). After steady-state conditions had 
been achieved, the molten salt was drained from the 
vessel, which was then allowed to cool to room 
temperature. The thickness of the frozen salt layei was 
subsequently determined from measurements made 
through the top flange and from radiographs of the test 
section. 

Results. We have made six runs in which a layer of 
frozen salt was successfully maintained on the vessel 
wall in the test section under steady-state conditions. 
The resulting heat generation rates have varied from 9.2. 
(o 16.7 kW/ft3 of molten salt. These rates are close to 
the rate expected in the primary fluorinator in an 
MSBR process:::? 'r!ant (i.e., 12.6 kW/ft3) and are 
adequate for operation of a nonradioactive continuous 
fluorin.itor protected against corrosion by means c: a 
frozen wail. The measured thickness of the frozen sali 
layer has agreed well with the value predicted by heat 
transfer calculations and can be inferred with reason
able accuracy by measuring the total resistance of the 
conducting salt path. 

It was found that <»n electrically insulating frozen salt 
layer can be formed reliably if the temperature of the 
wall is maintained below that of the !> lit solidus. In the 
initial experimen* in the first test vessel,1 0 wall 
temperatures that were only about 25°C belcw the 
liquidus temperature (458°C) were used. Under these 
conditions the frozen material on the wall contained 
occluded liquid, which caused the laye; to be electri
cally conductive. The salt mixture tint was initially 
charged to the present fluorinator simulation had the 
composition 65-35 mole % LiF-BeF2, which has a 
solidus temperature of 363°C. An electrically insulating 
layer of frozen salt could be maintained on the walls of 
the test vessel oniy when the temperature of the v/all in 
the test vessel was maintained below 363°C. During the 
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TiWe 16.4. Comparison of calculated and experimentally measured values for the thickness 
of molten-salt avers produced by autoresisUnce heating n a simulated fluorirutor 

Heating 
current 

Heat 
generation 

Calculated film thickness (in.) Measured film 
Run 

Heating 
current 

Heat 
generation Based on electrical Based on thickness 

(A) (W) (kW/ft3) resistance heat transits (in.) 

14 44 2250 '6.7 1.33 1.35 1.36 
15 55 276U I0.3 a 111 115 b 
16 60 2890 9.2" 0.97 1.04 b 
I7 C 60 315u 11.7 1.0* 0.98 1.12 
18 55 2830 i . . 5 1.11 I.'O 1.19 
20 50 2600 13.5 1.30 i.27 J.43* 
22 c t i I . J i .16 1.16 1.18 

"Based oi. an average of calculated film thickness values. 
^Vessel could not be drained after the experiment; no measurement was made. 
'"S'eady-state condition was not reached; the frozen salt melted near the electrode after 1V2 hr of 

heating. 
^MeasuniTî nts from radiograph are questionable. 

course of the experiment the composition of the salt 
was changed to 67.4-32.6 mole % LiF-BeF2 as the 
result of additions of lithium fluoride and the removal 
of BeF2 by the inadvertent introduction of small 
amounts of water and the subseque.it precipitation of 
BeO. This salt mixture has solidus and liqvidus tempera
tures of 458 and 464°C respectively. During the later 
experiments, wall temperatures in the test sec'ion as 
high as 380°C wf re employed, and no difficulty »•..« 
encountered in maintaining an electrically insulating 
frozen salt iayc. on the vessel wall. 

Experimentally determined vaiues for the thicLness of 
the frozen salt layer during the autoresistanre heating 
tests are compared with calculated values in Table 16.4. 
In each o r the runs, steady-state conditions were 
maintained for 1 % to 4 hr oefore the salt was draired 
from th*1 tec! vessel. The calculated va'ues given in 
Table IC.4 are based on (1) the electrical resistance of 
the molten-salt core and (2) the rate of heat transfer 
through the frozen salt layer on the wall of the test 
section. Literature vaiues for the electrical resistivity cf 
the molten salt 1 ! and the thermal conductivity of tiie 
frozen salt 1 2 were used in the calculations, and the 
agreement between t*~.e calculated and measured thick
ness values is quite satisfactory. Specific heat generation 
rates (kilowatts per cubic foot of molten salt in the test 
section) bracket the specific heat generation rate 

11. G. D. Robbins, "Electrical Conductivity," p. 14 in 
Physical Properties of Molten-Salt Reactor Fuel. Coolant, and 
Rush Salts, ed. by S- Cantor, ORNL-TM-2316 (August 19S8). 

12. J. W. Cooke, MSR Program Semiannu. Progr. Rep. Aug. 
31, J971, ORNL4728, p. 41. 

expected in the prirrary fluorinator in an MSBR 
processing plain (i 2.6 k V/ft3). 

Operation of the fluorinator simulation was '-Mitt 
stable at steady-state conditior.*, and only minimal 
control of the current (applied manually) was required. 
No evidence of cracking of the electrically insulating 
salt layer was noted. In most of the runs the frozen salt 
layer at the top of the test section war much thicker 
than that at points lower in the ttst section becaus-i of 
radiative heat transfer from the salt surface to the cold 
flange of the test vessel. The layer just below thi «»ji 
surface was usually thinner uan in other parts of the 
test section because of a high heat generation rate (500 
W in 'i 3-in. length) Produced by a small cartridge heater 
in ti.e upper electrode. A jtlition of a heat shield below 
the flange and replacement of the electrode heater with 
one having a lower heat generation rate (900 W over a 
12-in. length) resulted in a specitic power in the vicinity 
of the electrode '-ich closely matched that in the test 
section and resulted in more nearly uniform thickness 
values adjacent to the upper electrode. 

Additional studies of acitoresistance heating are re
cused in a fluorinator simulator containing a side arm 
in which the high-voltage electrode will be placed. We 
have designed equipment for carrying out such studies 
in a fluorinator simulator having a 6-in-diam side arm 
and a 36-in.-long by 6-in.-diam vertical section. This 
series of experiments will use MSBR fuel carrier salt 
(72-16-12 mole % LiF-BeF2-ThF4) and should consti
tute the final series of experiments before design of ti«c 
facility for studying continuous fluorination of molten 
salt in a frozen-wall system is initiated 

http://subseque.it
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16.9 URANIUM OXIDE PRECIPITATION STUDIES 

M. J. Bell D. D. Sood L. E. McNeese 

The first series of uranium oxide precipitation experi
ments was concluded during this period. Two experi
ments, OP-12 and OP-14, were performei> at 600°C. 
Before the start of experiment OP-12, t'9 g of UF 
2 3 * U F 4 eutectic was ad>d to the system to compen 
sate for the decrease in the urnium concentration in 
the salt that had been observed during experiments 
OP-7 through OP-U. In experiment GP-12, more than 
90% of the uranium initially in the salt was precipitated 
as oxide, and a final uranism concentration of 830 ppm 
was attained. Analyses or salt samples cbiaineG from 
inside and outside the draft tube during the experiment 
exhibited a large disparity in uranium concentration, 
indicating that the draft tube may have beer, restricted. 

In experiment OP-14, 9**% or the pranium V2S 
precipitated as U0 2 , an J a final vr îiiuin concentration 
of 230 ppm in the salt was achiev?**. A salt sample 
obtained from inside the draft tube during the experi
ment contaired an unusually low concentration of 
uranium, ag2in suggesting that the draft tube was 
restricted. Also, during these two experiments, the 
concentration of uranium in the salt at the end of each 
of u.e hydrofreorination steps continued to decrease. 
As a result, ii w*s decided to terminate the series of 
experiments in order to determine the cause of the 
experimental difficulties. Accordingly, the salt vas 
transferred to the feed link, and the heaters were 
deactivated. The precipitator vessel was removed from 
the system and disassembled. A salt heel (Fig. 16.7) 
containing a large quantity of undissolved oxide was 
found in the precipitator vessel. The dark material 
around the top edge of the heel was oxide, and contains 

35 wt % uranium oxide and 30 wt % thorium oxide. 
This rim extended Jong the sloped section at the 
bottom of the vessel to a height which was above the 
b Jttom of the draft tube. Apparently, the 45° slope in 
the bottom of the precipitator was not entirely effec
tive in directing the oxide to a point beneath the draft 
tube. The dark material in th? bottom of the heel was 
about V? in. thick and had a volume of approximately 
60 cm 3. The material was heterogeneous, ranging in 
color from yellov-green, characteristic of soiid solu
tions with high Th0 2 cortent, to dark brown, charac
teristic of U0 2 . The light material on top of the sample 
was salt. The depression in the interface between the 
salt and oxide layers indicated the location of ihe line 
used for transfcrr*"* salt between the precipitator vessel 
and the receiver tank. 

A photograph of the gas in!et and 'Jraft tube assembly 
is shown in Fig. i6.8. Tire metal surfaces are bright and 
clean, and mcchitting marki made during fabrication are 
still visible. A small quantity of oxide powder was 
present on some of the draft tube surfaces, but there 
was no evidence of oxide agglomeration or large oxide 
deposits. No evidence of corrosion or HF attack was 
observed desriie exposure of the equipment to fuei salt 
and HF-wster mixtures at temperatures ranging from 
550 to 630°C over a period of nine months. 

Experience gained in the operation of the facility 
continues to indicate that oxide precipitation is an 
attractive alternative to fhorination for removing ura
nium from protactinium-free MSBR fuel salt. The solids 
formed in the experiments had a higher U0 2 content 
than was calculated to be in equilibrium with the rait, 
indicating fhat only a single stage may be required to 
perform the separation. The high-uraniun; solids that 
are formed in the present equipment have a diameter ot 

»HOTOf»»7-73 

O i 2 
I I I I 1 I I I I 

Hv£HES 

Fig. 16.7. Photognpn of salt and u%Ue heel removed from precipitator vemd at termination of operation. 
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Fig. 16.8. Photograph offs inlet and draft tube assembly removed from precipitator vessel at fennimtioa of operation. 

50 ± 10 ^. Particles of this size have a terminal velocity 
of 12 ± 5 ft/hr, which is sufficiently large to permit 
rapid settling, even in full-scale equipment. Corrosion of 
the nickel equipment by I was not ob*rved under 
the present experimental condiiions. Problems en
countered with inability to circulate the oxide in the 
present equipment an* believed to be the result of using 
the same gas inlet for the precipitation and hyrfrofluori-
nation operations, and should be resolved by making 
slight modifications in the design of the equipment. 
Experience gained with this equipment also indicates 
that mechanical agitation could be employed as an 
alternative circulation measure. Further experiments 
with larger-scale equip-nent are required to determine 
the effect of scale on these results. 

16 10 DEVELOPMENT OF A BISMUTH-SALT 
INTERFACE DETECTOR 

H.O.Weeren C. V. Dodd 1 3 

An eddy-current-type detec t '* 4 is being developed 
to allow detection and control of the bismuth-salt 
interface in salt-metal extraction columns or mechani
cally agitated ^alt-metal contactors. The probe consists 

13. Metal* and Ceramic* Division. 
14. H. O. wt*rcii et ?l.,MSR Program Semianru. Prop. Rep. 

Aug. .*/. 1971, ORNL4728, pp. 222-25 

of a ceramic form on which bifilar primary and 
secondary coi's sre wound. Contact of these coils with 
molten salt or bismuth is prevented by enclosing them 
in a molybdenum tu**«. In operation, a high-frequency 
alternating current, which is passed through the primary 
ceil, induces a cunent in the secondary coil. The 
magnitude :.nd relative phase of the induced current are 
dependent on the conductivities of the materials lo
cated adjacent to the primary and secondary coils; since 
the conductivities of salt and bismuth are qnrte dif
ferent, the induced current reflects the presence or the 
absence of bismuth. The principal problem associated 
with this type of detector stems from the hiph electrical 
conductivity of molybdenum, the fabrication material 
of the protective sheath. Two approaches for obtaining 
an output from the detector are being rnirsucu. The 
first is based on measuring changes in the magnitude of 
the induced current; the second is based on measuring 
the phase shift that occurs between the voltage imposed 
on the primary coil and that which is induced in the 
secondary coil. 

The completed probe has been installed in a three-
chambered test vessel made o" carbon steel; both the 
probe design and the test vessel uesgn were described 
previously.14 The upper chamber is a reservoir for 
molten bismuth; the middle chamber contains the 
sheathed probe; and the lower chamber, which simu
lates the interior of the high-temperate.e containment 
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vesset for fhe molybdenum reductive-extraction equip
ment (see Sect. 16.6), ontains 13 ft of high-tempera
ture electrical cable in an inert atmosphere. Bismuth 
can be transferred between the upper and middle 
chambers to vary the level around the probe; this level 
can be measured with a bubbler-mercury manometer 
system and compared with prore readings. 

Initial results from phase shift measurements were 
reported previously.' * A series of level determinations 
was made at two temperatures (550 and 70Q°C) by the 
amplitude measurement technique to calibrate the 
temperature compensation circuit. The results (see Fig. 
}6.9) show that at each temperature the probe readings 
were linear and reproducible for bismuth levels between 
4 &nd 12 in. However, both the m*ncrr.-eter and the 
probe gave erratic readings at bismuth levels below 4in.; 
this behavior may have resulted from the accumulation 
of some S3rt of material at the interface during the 
period o: probe operation. 

The amou.it of temperature compensation required to 
make the probe and manometer readings coincide at 
700°C was found to vary almost linearly with bismuth 
level. This indicates that level readings using amplitude 
measurement can best be made by determining calibra
tion curves for the operating temperatures of interest 
and using these curves rather than a temperature 
compensation cicuit 

15. H. O. Weuren et aL, MSR Program Semknnu. Prop-. R *p 
Feb *>. 1072, ORNL-4782, pp. 239-40. 
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jjj { WSMUTH LEVEL READINGS 
S j BY AMPLITUDE MEASUREMENT 

i ! 
0 i ; •• 

0 2 4 6 8 1 0 1 2 " 
OSMUTH DEPTH BY MANOMETER READINGS (in.) 

Fig. 16.9. Variation of btonath deptfe as indicated by levd 
probe vs bismuth depth as itetermaed frow maftometer 
read'ajs. 

The probe was tested H a temperature of 550°C for a 
period of five days. During this time, the bismuth level 
did not change; however, the probe reading varied 
slowly from an initial value of 9.6 in. to a low of 9.4 in. 
and a high of 10.1 in. The reason for this fluctuation is 
not known. 

http://amou.it
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17. Continuous Salt Purification 
R. B. Lindauer 

We previously1 described a facility in which studies 
relative to the continuous purification of molten 
fluoride mixtures are carried out In the past the system 
has been operated in a semicontinuou? manner, with 
about 14 liters of salt being fed thrcigh a packed-
column gas-salt contactor at flow rates nngingfrom SO 
to 500 cm3/min. During this report period, the system 
was modified to provide for the continuous circulation 
of a small volume (about 4 liters) of salt through the 
packed column. The new equipment consists of a check 
valve pimp that has tungsten bill checks and an orifice 
head pot having liquid level instrumentation for meas
uring the salt flow rate. The pump is actuated by a 
cyclic variation of the argon pressure in the pressure 
vent line between the check valves by the use of 
solenoid valves and electrical timers. 

Initial tests with the modified system disclosed the 
following: 

1. Instrumentation is required to indicate the position 
of the liquid-^ interface in the pressure vent line of 
the pump between the two check valves. Probes wfl" 
be installed which, in addition to indicating the 

interface location, will actuate nlays to close the 
vent valve on high level and to open the pressure 
valve on low level. 

2. An erratic pumping rate, which could have been 
caused by the presence of oxide in the salt in the 
pressure vent line, was noted. The oxide was 
probably formed during periods when the system 
was not being operated. A new pump that has 
double suction ar.J discharge check valves is being 
fabricated. This pump should continue to operate 
even when the salt contains some particulate matter. 
A bismuth phase will also be used to provide a seal 
between the pressurizing argon and the salt in the 
pressure vent line in order to reduce the possibility 
of oxide formation. This will increase the maximum 
salt displacement from 20 to 80 cm3 per cycle. 

3. The equipment for determining the salt flow rate 
performed quite satisfactorily. 

1. R. B. Lindauer. MSR Program Setmrmu. Prop. Rep. Feb. 
29,1972, ORNL-4782, pp. 24 ,-43. 
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