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FOREWORD

Th is quarterly progres s report of the Aircraft Nuc lear Propul sion Project at ORNL

records the technical progress of the research on circulating-fuel reactors and other ANP

research at the Laboratory under its Contract W-7405-eng-26. The report is divided into

five major parts: 1. Aircraft Reactor Engineering, 2. Chemistry, 3. Metallurgy, 4. Radia­

tion Damage and Fuel Recovery and Reprocessing, and 5. Critical Experiments and

Reactor Shielding.

The ANP Project personnel are engaged in many phases of research directed toward

the achievement of nuclear propulsion of aircraft. A considerable portion of this research

is performed in support of the work of other organizations participating in the national

ANP effort. However, the bulk of the ANP research at ORNL is directed toward the

development of a circulating-fuel type of reactor.

The design, construction, and operation of the Aircraft Reactor Test (ART), are the

current objectives of the project. The ART is to be a power plant system that will in­

clude a 60-Mw circulating-fuel reflector-moderator reactor and adequate means for heat

disposal. Operation of the system will be for the purpose of determining feasibility and

for studying the problems associated with the design, construction, and operation of a

high-power circulating-fuel reflector-moderated aircraft reactor system•

','
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ANP PROJECT QUARTERLY PROGRESS REPORT

SUMMARY

PART 1. AIRCRAFT REACTOR ENGINEERING

1.1. Aircraft Reactor Test Design

Tests are under way or have been proposed
with which to evaluate the ART structural design
criteria, since experience in the design of
structures for operation at temperatures in excess
of lOOO°F is limited and in general not directly
applicable. The high operating temperature wi II
greatly affect the creep and relaxation of the
structure, and temperature cycling will cause strain
cycling. The only test completed in this study
thus far was the initial core-shell low-frequency
thermal-cycling experiment. The results of this
one test indicate that the strain-cycling criterion
used for the core shells is conservative. In­
formation on strain-cycling and creep character­
i stics of Inconel, as well as on the effects of
"cumulative damage," is to be obtained in heat
exchanger tests that are now under way. An
attempt to predict the life of the heat exchanger
revealed the need for creep measurements of
Inconel in fused salts at the corrosion rates
expected in th e rea ctor .

The di stribution of stresses in the various shells
that will result from design-point temperature and
pressure profiles is being analyzed. Shells V
and VI (shell V separates the boron-ti Ie curtain
around the heat exchanger from the fuel, and shell
VI is the pressure shell liner) have been studied,
and final designs for the junctions of these shells
have been prepared on the basis of the analyses.

Efforts are being made to predict the stress­
rupture Iife of tubes subjected to a bending stress
on a short section. The results of this study
indicate that the calculated maximum stress is
quickly reduced to about 80% of the predicted
elastic value and remains essentially constant for
the life of the member. The study also indicated
that constant-stress data are required for calcu­
lations of this type, rather than constant-load data.
An experimental attempt to verify the "reduced­
stress effect" is being made.

Detailed stress analyses of the ART fin-type
NaK.to-air radiators are under way. Several critical
areas in the design have been identified, and

alterations required by stress considerations have
been made. Studies were made of weight and air
drag loads, relative thermal expansion between
fins and header, and relative thermal expansion
between adjacent tubes in the event of flow
stoppage as a result of oxide plugging.

Series of tests and experiments are under way
in order to determine the fatigue life of Inconel
under simulated ART conditions, since the core
shells might be subjected to surface temperature
oscillations as large as 800F at frequencies of
from ~ to 4 cps. If it is found that Inconel does
not possess adequate fatigue strength, design
modifications may be required to alleviate the
temperature asci Ilations. One proposal being
studied provides for mounting a pair of thin Inconel
shells in the core to serve as "thermal shields"
for the structural core shells.

Flow studies of the full-scale 21-in. plastic
model of the ART core were continued in order
to investigate wall temperature fluctuations, which
may be analogous to the fluid temperature fluctu­
ations observed in the one-half-scale volume-heat­
source experiment. Various types of probes and
thermocouple arrangements are being investigated
for use in these studies. The flow-guidance ex­
periments continued with tests of the core entrance
region alone, the core entrance and equatorial
regions simultaneously, and the core island bellows
region within the center volute of the axial·flow
type of header. Some improvements in flow distri­
bution, both radially and circumferentially, were
obtained with an inlet guide vane, a conical baffle
plate, and a slotted disk, which was located 6 in.
above the equator.

1.2. Reactor Physics

The gamma-ray dose rate at the outer surface of
the ART neutron shield was computed as a first
step in a re-evaluation of the shielding of the ART
and auxiliary equipment. Gamma-ray source
strengths were obtained through the use of two­
dimensional neutron-diffusion calculations. Sec­
ondary gamma rays from the lead shield were
neglected, since Lid Tank Shielding Facility
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(L TSF) experiments showed that the dose varied
exponentially with lead thickness up to about

4.5 in.; the ART lead is 4.3 in. thick. The LTSF
data are interpreted to mean that the intensity of
gamma rays penetrating the 4.3-in.-thick lead
shield of the ART wi II be much greater than the
intensity of gamma rays produced in the lead.
The calculated dose rate at the surface of the
shield was found to be 1840 rlhr. The relative
importance of each source is indicated by the
percentage contribution to the total dose rate:
core, 22%; outer core shell, 9%; reflector, 12%;
reflector shell, 35%; heat exchanger, 22%.

The fast-neutron dose rate at the shield surface
was computed from LTSF data. It was found that
at a distance of 50 ft from the center of the ART
operating at 60 Mw with a 4.3-in.-lead and 31.5-in.­
water shield, the calculated gamma-ray dose is
22.8 rem/hr and the fast-neu tron dose rate is
0.05 remlhr.

1.3. ART Instruments and Controls

The ART NaK circuit flow-decay characteristics
were investigated as an initial step in evaluating
the significance of a pump power failure in terms
of temperature and pressure transients in the ART
heat-dump system. Experimental data were ob­
tained for a loop in which an ART prototype NaK
pump was being tested at high temperatures.
During shutdown tests, complete tabulations of
pump shaft revolutions as a function of time were
obtained from which speed vs time data could be
obtained through numerical differentiation. The
data thus obtained were correlated with computed
volumes of segments of the ART primary NaK
heat-dump circuit.

Tests of commercially available resistance-type
Iiqu id-meta I-level transducers were continued, and
when the tests were terminated at 3732 hr, during
which time the NaK level of the system was cycled

65,000 times, only one of the four instruments was
in operating condition. The other three units failed
because NaK seeped into the insulation through
cracks at the U-bends. The reaction of the NaK
with the insulation caused visible deformation.

ORNL-designed units, which will be clamped into
pi ace rather than wei ded, are bei ng prepared for

further tests. The ORNL units will have improved
temperature compensation, and the weld design has
been modi fi ed.

All-welded resi stance-type on-off level probes
are being developed as replacements for con­
ventional spark-plug probes, which are not suitable
for pressurized systems and temperatures above
450°F. An especially fabricated spark plug with
a beryllium oxide insulator was tested in NaK as
an on-off level probe, but it fai led in 20 hr of
operation because of short circuiting of the in­
sulator. Several special plugs with insulators high
in alumina and magnesium content were received

for testing.

Tests of the helium-bubbler-type fuel-level in­
dicators were continued, and tests to determine
the cause of bu'bbler plugging were initiated. It
is thought that the material wh ich plugs the
bubbler tubes is Zr02 . Special static-level tests

are to be run therefore in which the oxygen content
will be carefully controlled. It is hoped that the
present average life of 1100 hr in a static-level
system can be increased to the specified 3000 hr.

Evaluation tests of commercial pressure trans­
mi tters for use at high temperatures were continued.
Un its that employ differentia I tran sformers were
found to be difficult to use because the field of
the Calrod heaters used to maintain the operating
temperature has an effect on the output readings.
A unit that employs a variable-permeance type of
pressure transducer was unsatisfactory because
of lack of suitable aligning guides. Additional
tests of the promising four-legged strain-gage
transmitters are being made. Also a second set
of pneumatic-output transmitters completed a suc­
cessful 3000-hr life test in a NaK-filled test loop.

Six of the 3~-in. magnetic flowmeters purchased
for the ETU and the ART were installed in the
flowmeter test loop for calibration. Preliminary
indications are that at least four of these flow­
meters will be acceptable for ETU installation.
Six 2-in. magnetic flowmeters are available for
calibration, and the 31a - in . models designed for
plug indicators and cold traps are being fabricated.

Two prototype model s of remotely adjustable

pressure regulators were tested. These units were
found to be stable under line-voltage, supply.
pressure, and norma I ambient-temperature vari­
ations. Life tests are to be run on these

instruments.
A l-in. turbine flowmeter ceased to operate after

340 hr of an endurance test scheduled for 3000 hr
in a circulating fused salt. X-roy examination
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showed that the unit was not broken, and it is

thought that oxidation resulting from previous

operation in NaK systems may have caused the

unit to bind. The unit will be removed for ex­

amination when the loop is drained. A 3~-in.

turbine flowmeter operating in a NaK system fai led

some time during the first 40 hr of operation.

Disassembly of the loop showed eight of the ten

blades to be missing; the remaining two blades

were bent; and both shafts were broken. The

cause of this failure is being investigated.

Tests of closure welds of Inconel-sheathed

thermocouples in sodium and in fused salts are

under way. The Heliarc welding process has been

found to yield 30 to 50% acceptable welds. Bend

tests were made, and single U-bends on a 3~_in.

radius were found to have I ittle effect on accuracy.

Repeated bending caused a 2 to 3° F shift. The

drift of data obtained with sheathed and with

beaded Chromel-alumel thermocouples as a function

of time and temperature is being studied.

1.4. Component Development and Testing

I rradiati on tes ts of a fu II-scale ART fue I pump

rotary assembly are to be run in a gamma-irradiation

facility in the MTR canal. The final selection of

a lu bri cant-coolant for the reactor pumps wi II be

based on the results of these tests.

On the basis of fur~her satisfactory test per­

formance, modified Durametallic seals have been

specified for use in the ART NaK pumps. If the

irradiation tests show either UCON LB·140-X or

Gulfcrest 34 lubricants to be satisfactory, buna-N­

base O-rings wi II be specified for the reactor pump

seols. If the MTR tests prove these lubricants

to be unsatisfactory, the seal material may again

become a problem.

The development tests with water of an ac­

ceptable impeller configuration (designated model

32) for the ART fuel pump were completed. The

tests showed that flow rate, head, and pumping

power remained fairly constant when the liquid

level in the expansion tank was reduced from 3 to

3~ in. Further reductions in the level resu Ited in

definite decreases in flow rate, head, and pumping

power. Tests for determining degassi ng times

were also conducted with the liquid level in the

expansion tank at 3 in. and the pump operating at

the design speed of 2700 rpm. Degassing of an

injected air sample was complete in less than

1 min. Tests of the pump at high temperatures

with NaF-ZrF4 -UF4 (50-46-4 mole %, fuel 30) as

the circulated fluid were started. The pump head

is 1 to 2 ft lower than that obtained wi th water,

and this discrepancy is being investigated. Per­

formance and cavitation data are being obtained.

A simi lar pump that operated with fuel 30 in an

endurance test was shut down after a total of

2587 hr of operating time and 120 thermal cycles

in the temperature range of 1400 to 1l00°F. Ex­

amination showed the pump to be in good condition,

and it has been cleaned, reassembled with new

seals, and put back into operation. There was

no trouble with the hydraulic drive during the last

1240 hr of operation because a back pressure was

maintained on the discharge side of the motor to

ensure that the pi ston shoes were seated on the

wobble plate at all times.

The ART sodium pump is now being subjected

to development testing with water on the same

basis as that used for the fuel pump. Tests to

date have been hampered by ingassing of the loop

in which the pump is installed. Since free move­

ment between the sodium pump barrel and vo lute

will be required in the ART to allow for radial

movement, a seal is being developed for this

region to minimize leakage of sodium between

the heat exchanger inlet and the pump centrifuge

outlet. Two types of multiple-ring seals are being

considered, as well as a simpler seal with a single

ring.

An ART sodium pump is also being tested in an

endurance test with sodium and has accumulated

1584 hr of operating time with 300 thermal cycles

in the temperature range of 1250 to 10500 F. The

pump priming difficulties encountered previously

were solved by stopping the pump when transferring

sodium to the pot. The off-gas line plugging

problem was resolved by lowering the liquid level

in the pump pot.
High-temperature test ing of an ART pr imary

NaK pump was continued, and performance and

efficiency curves were obtained at a NaK temper­

ature of 1200°F. The data are in good agreement

with the data obtained with water. An ART

auxiliary NaK pump is being tested with water

and an Inconel impeller in place of the brass

impeller used previously. Cavitation performance

of the Inconel impeller has been found to be

entirely satisfactory. After a vent was provided

for ga strapped dur ing fi II i ng, the pump primed

satisfactorily. A specific technique for storting

and stopping the pump was developed.
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Fuel-to-Na K heat exchan ger and NaK -to-ai r

radiator test operations were continued. One test

was terminated by a NaK leak in the circulating

cold-trap economi zer after a total of 1845 hr of

operation. The heat exchanger and the radiator

in this system had been operated nonisothermally

for 1456 hr, including 552 hr at a fuel inlet temper­

ature of 1600°F and 29 thermal cycles. Data

obtained in this test are being analyzed as part

ofa study of mass transfer in a NaK circuit.

A 20-tube semicircular heat exchanger was de­

signed and is being fabricated that simulates the

tube geometries of the ART main heat exchangers.

Th i s heat exchanger wi II be su bj ected to a therma I
cycling program in order to verify the stress

analysis of the ART heat exchangers.

The ART twin fuel pump system was tested

further as part of the water flow tests of the

aluminum north-head mockup. With the improved

model 32 impellers in the pumps, the liquid

spraying and sloshing noted previously in the

expansion tank and the resultant wetting of the

tank ceiling were greatly reduced. The model 32

impeller also resolved the problem of liquid rising

in the shaft annulus of a stopped pump if the other

pump was still running.

Tests of ART prototype dump valves were con­

tinued. Valves which have rigidly mounted plugs

are now considered to be essential for satisfactory

operation. The seat and plug materials which have

been found to be the most sati s factory are the

Kentanium cermets K-151A vs K-152B and KM vs

K.162B. All tests to date have been made with

fuel 30, but a test stand is now being modified

for tests with NaK.

The second of the two proposed thermal-stability

tests of the outer core shell was started under

conditions similar to those used previously. Di­

mensions were carefully taken for later comparison

with dimensions to be taken after the test.

Orifice plugs were tested for controlling sodium

flow through the cool ing holes in the ART be­

ryllium reflector in order to obtain a uniform

temperature throughout the beryllium. A full-scale

wooden mockup of one-half of the symmetrical

sodium circuit in the reflector entrance region was

also tested. The head and flow distribution

measurements obtained in these tests are being

used in design analyses. A water test was also

conducted on a proposed bypass slot to be cut

between the sodium-to-Na K heat exchanger shell

and the external pressure shell of the reactor.

This slot will allow some sodium to bypass the

present s lots between the pres sure she II and the

upper-deck outer shell and wi II provide a more

di rect entrance for flow into the heat exchanger

inlet.

The high-frequency thermal-cycling test loop

designed for studying the effect of thermal cycling

on Inconel tubing was completed. The loop has

operated satisfactorily at design specifications in

water tests, and data are being taken on temper­

ature amplitudes at the test section as a function

of frequ en cy and flow rate. The water tes ts will

be continued until thorough familiarization with

the operation is achieved.

The plugging indicators that are to be provided

in each of the eight NaK cold-trap circuits of the

ART to monitor the sodium oxide level were

calibrated against chemical analyses. The cali­

bration curves obtained include most of the

practical range of plugging-indicator application.

Tests were made on modified liquid-metal-vapor

condensers. A satisfactory NaK condenser is now

avai lable, but further developmental effort is

required to obtain a satisfactory sodium condenser.

The design of an experimental prototype of the

ART zirconium fluoride thermal-condensation vapor

trap was completed, and a unit is being fabricated.

Traps packed with AI 2 0
3

have operated sati s­

factorily in several tests.

Tests were run on three brands of insulation

being considered for use on piping carrying high­

temperature NaK. The thermal conductivities and

heat losses were obtained.

1.5. Reactor and Facility Construction

The detailed design of the reactor is essentially

complete, with some work remaining to be done

on the design of sodium. annuli surrounding the

fuel overflow, off-gas, and fill-and-drain lines.

Numerous design changes have been made based

on further design studies, development tests,

component fabrication difficulties, and weld

shrinkage tests.

The schedule for assembly of the ETU and ART

reactors was revised on the basis of delayed

delivery of components being produced by outside

vendors. Work on the north-head assembly is

awaiting delivery of the sodium-to-NaK heat ex­

changers. The components for two reflector­

moderator assemblies are now available, and the
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assembly for the ETU is progressing satisfactorily.
Work is also progressing on the strut-load ring
assembly. Most of the boron carbide tiles required
for two reactors are available, and no difficulty
is anticipated in obtaining the remainder. Some
difficulties are being experienced by the fabricator
of the stainless-steel-clad boron-copper shielding
material that may be resolved by a relaxation in
tol erances.

The fabrication of the Inconel shells by the
spinning process remains a major problem, but
progress is being made. An alternate effort is
being made to fabricate the thin core shells by
hot forming oversized parts and then finish
machining them to final thickness. It is doubtful,
however, that shells produced in this manner will
have satisfactory metallurgical structure.

One set of beryllium island parts is complete,
and work is under way on the pressure shell liner.
The dual effort on fuel-to-NaK heat exchanger
fabrication was evaluated, and Black, Sivalls &
Bryson was selected as the fabricator.

Extensive tests of reactor assembly methods
have been performed, and the assembly procedures
have been developed. The assembly area and
fixtures are almost completed.

Much installation work on the ETU assembly has
been done, and preliminary estimates show an
expected ETU faci lity completion date, exclusive
of the reactor and its associated equipment, of
September 1, 1958. A further study of the items
to be placed within the ETU cell that simulates
the ART cell brought about several changes,
including the elimination of the equatorial and
south-head lead shielding. Design of the cell
components (other than the reactor) is well under
way, and fabrication of many items has been
initiated.

Much of the outside contract work on the ART
facility has been completed. The work to be done
by ORNL forces on the installation of process
piping and equipment remains, and design work
on this phase of the project is well under way.
Procurement was initiated on a few items.

Plans for removing and sectioning the ART after
operation were studied further. A Y,2-scale model
of a proposed hot ce II is now avai lable as an ai d
in visualizing the complex techniques that will
be involved and in designing the tools and fixtures

that will be required.

1.6. ART, ETU, and In-Pile Operations

A critical review of the reactor system operability
is being made, and conflicts among the design,
construction, and instrumentation phases of the
project are being resolved. A study of manpower
required for various phases of the program in­
dicated that the peak work food during operation
of the ART will require 40 engineers and 18
technicians.

As the resu It of a design review, additional
provi sions have been made for the containment
of activity at the ART facility in the event of
concurrent heat exchanger and radiator leaks; a
number of design and instrument changes have
been incorporated into the system; and additional
component development tests have been scheduled
to demonstrate the adequacy of the system for the
prescribed test program. Procedures for filling
the vari ous sy stems were prepared.

The planning for ETU operation is paralleling
that for ART operation, with the maintenance of
ETU flow sheets, instrument lists, and valve
tabulations being emphasized. A preliminary study
of ART emergency conditions to be simulated with
the ETU is under way.

Procedures for di sassembl ing the ART were
studied further. Possible methods for performing
the remote cutting operation s that wi II be requ ired
within the cell wete studied, and several dis­
advantages of a proposed underwater operation
have developed.

Developmental work is under way on the higher
performance pump and heat exchanger that wi II
be required for in-pi Ie loop experiments with the
new nickel-molybdenum alloys and lithium-base
fuels. A pump is now available that will be
suitable for a loop with maximum temperatures in
the range of 1600 to 16500F, which correspond to
a pump temperature of 1500°F. In an effort to
increase the capacity of the heat exchanger, a
unit with machined nickel fins has been designed
and is being fabricated for testing.

In-pile tests of moderator materials continued
with the preparation for insertion in the MTR of
capsules containing beryllium oxide, graphite, and
zirconium hydride specimens.
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1.7. Heat Transfer and Physical Properties

Heat transfer studies with the delta-array heat

exchanger were continued. Flow in the laminar

region was investigated to establ ish the effect

of natural convection on the total heat transfer.

No effect could be observed over the Reynolds

modulus range examined. The fluid friction charac­

teristics on the fuel side of a straight-tube model

of the ART fuel-to·NaK heat exchanger were tested

further, with measurements being taken down to

a Reynolds modulus of 150. The early transition

in the data indi cates the effect of the turbu Ien t

spacer wakes on the system pressure drop. Pre­

I iminary designs have been made for an apparatus

to study the heat transfer and velocity structures

in a single fuel-side channel of an ART type of

heat exchanger.

Additional dota on the stabilizing effect of

screens in reactor cores are to be obtained with

the use of the swirl entrance system. A mathe­

mati ca I ana Iy sis ind icated that even under fue I

dump cond i tion s reactor core screens wi II not

reach dangerously high temperatures. Photographic

records have been made of laminar and turbulent

velocity profi les in a number of geometries.

Quantitative data on the turbulent velocity structure

of water flowing through a circular tube were

obtained by superimposing the velocity profile

photograph on a grid photograph.

A volume-heat·source experiment is planned with

wh i ch to establ i sh the effect of screen s on the

thermal structure in the ART core. A series of

vortex tube heat transfer and hydrodynamic ex­

periments have been outlined for determining

quantitatively the characteristics of this system.

Thermal-cycl ing studies of the strength and cor­

rosion characteristics of Inconel in a fluoride salt

mixture environment were continued. The sig­

nificance and limits of some of the experimental

variables have been determined. There is some

indication that high.frequency thermal cycling

causes greater corrosive attack than does low­

frequency cycling.

The enthalpy and heat capacity for the mixture

NaF-ZrF 4-UF 4 (50.25·25 mole %) were determined

in both th-e solid and liquid states. Data on the

pure compound UF 4 have been obtained for the

solid state only. Viscosity measurements have

been made with three mixtures in the NaF·RbF·

ZrF 4-UF 4 system. The viscosities ranged from

7.5 to 9.5 centipoises at 600°C down to 3.3 to

3.5 centipoises at 800°e. Thermal conductivity

stud ies have con centrated on the probl em s of

eliminating from the experimental data the effects

of variable heat flows. An experimental study

has been initiated to determine the electrical con·

ductivity of liquid sodium and of sodium-potassium

alloys.

PART 2. CHEMISTRY

2.1. Phase Equilibrium Studies

A simple modification was made to the thermal

analysi-s apparatus in order to minimize losses

by vaporization. With the modified apparatus

it has been possible to analyze samples containing

up to 80% ZrF 4 with negl igible loss in weight of

the sample.

A new vacuum furnace that is adaptable to

microscopic observations was developed and

fabricated for use in visual observation of liquidus

and solidus points and for differential thermal

analyses of small quantities of fused salts.

Pre I i mi nary vi sual 0 bservati on s i ndi cate that

reasonably accurate melt temperotures con be

meosured with only 150 mg of material.

Quenching studies of Li F-UF 4 systems that

contain 20 to 32 mole % UF 4 confirmed the

liquidus and solidus relationships previously

reported. It was found that the compound 4LiF·UF 4

undergoes very slow subsolidus decomposition to

Li F and 7Li F·6UF4 at about 470°C. Thermal

analysi s studies showed that these mixtures

undercooled readi Iy if the melt was first heated to

over 800°C. In order to be sure that the quench ing

results characterized the equi librium conditions,

a seeding experiment was conducted on a mixture

containing 24 mole % UF 4' The results were in

accordance with the results of the quenching

studies, except that the temperatures of the thermal

effects were about 100C lower.

A study of the similarities of the systems

NaF-HfF 4 and NaF-ZrF 4 has revealed three

NaF-HfF 4 compounds that are analogous to

NaF-ZrF 4 compounds. The high-temperature

furnace was used for visual observations of

I iquidus temperatures of mixtures in the Li F-CeF 3

system. A diagram of the system was prepared.

Examination of slowly cooled melts showed only

Li F and CeF 3 to be present and confirmed thermal

indications of the absence of complex compounds.

Thermal analysis of the system KF-BeF 2 indi­

cated an incongruent melting point of 390°C and a

..
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peritectic composition with about 52.5 mole %
BeF 2' The phase equilibrium diagram for the
system was prepared.

Quenching studies of the system NaF-RbF·BeF 2
were initiated. For mixtures containing 33.3 and
40 mole % NaF, the ternary compound is the
primary phase, the sol idus temperature is 452°C,

and RbF·BeF 2 is the other phase below the
solidus. The phase relationships between the
liquidus and solidus have not yet been established.

A large number of quenching experiments were
completed that showed the tentative phase equi­
Iibrium diagram presented previously for the
system NaF-liF-UF 4 to be in error in several
respects. A revised diagram was therefore
prepared.

Phase equilibrium studies of the systems

NaF-CrF 2-ZrF 4' NaF-FeF 2- ZrF 4' and NaF-Ni F 2­
Zr F 4 were undertaken in order to determ ine the
formula and phase relationships of the ternary
compound in each of these systems. Only one
ternary compound was observed in each system.

Optical properties and x-ray diffraction data
are presented for the following compounds: (3­
KF.2BeF 2, 2KCI.FeCI 2, KCI.FeC'2' 3NaF.HfF4,

2NaF·HfF 4' NaF·CrF 2·2ZrF 4' NaF·FeF 2·2ZrF 4'
and NaF·Ni F 2·2ZrF 4'

2.2. Chemical Reactions in Molten Salts

The investigation of the equilibrium reduction

of NiF 2 by H 2 in NaF-ZrF 4 at 550°C was con­
cluded, and the data were combined with those

previously obtained. The data indicate that the
equilibrium constant, K, is independent of the

x
NiF 2 concentration over the concentration range
studied, which included values not far from the
concentration of Ni F 2 in the saturated solution at
thi s temperature.

In a careful determination of the solubility of
nickel as Ni F 2 in NaF-ZrF 4 (53-47 mole %) at
550°C, a value of 352 ± 11 ppm was obtained.
The data indi cated that the so Iubi Iity remai ned
constant when the amount of saturating phase
changed from a trace to a total of 1310 ppm Ni ++.

Further, the value of 352 is in substantial agree­
ment with a value of 400 ppm previously reported
for the solubility obtained with an addition of
1700 ppm Ni ++.

Additional experiments on the reduction of UF 4
by Feo in the reaction medium RbF-ZrF 4 (60-40
mole %) showed that equilibrium was established

in 5 hr and that the equilibrium concentration of
Fe++ is significantly higher at 600 than at 800°e.
The concentration values obtained fell in the range
of those obtained in other alkali fluoride-binary
mi xtures, and no sati sfactory expl anati on is
available for the lack of effect of the reaction
medium. In contrast, the studies of the Cro-UF 4
reaction showed that the chromi um concentration

increases in the order of use of RbF, KF, NaF,
Li F, which is the order of decreasing ion size.

Additional data on the reaction of UF 4 with Cro
in the RbF-ZrF 4 reaction medium at 600 and at
800°C indicate that the fluoride ion activity
increases only slightly when the RbF concentration
is increased from 50 to 58 mole %.

Rare-earth fluorides labeled with Ce 141, La 140,

and Sm 153 were used to study the solubilities of

CeF 3 and LaF 3 alone and in combination and
SmF 3 alone and in combination with CeF 3 in
NaF-ZrF 4-UF 4 (50-46-4 mole %) at various tem­
peratures. The addi tion of both La F 3 and Sm F 3

decreased the solubility of CeF 3. Similarlyaddi­
tions of BaF 2 and SrF 2 reduced the solubility of
CeF 3. The data indicate that the solubilities of
the rare earth fluorides are sufficiently high to
permit quite long-time operation of a reactor before
precipitation of thesematerials becomes a problem.

The determination of the solubility of xenon gas

in molten NaF-ZrF 4-UF 4 (50·46·4 mole %) as a
function of pressure and temperature was suc­
cessfully completed. As in the case of helium,
the solubi lity was found to increase with In­

creas ing temperature.
A direct equilibration method was used for

determining the solubility of HF in NaF-ZrF 4

(53-47 mole %) at 600°e. The data obtained,
which will be extended to higher temperatures
and pressures, indicate that the solubility is
1.25 x 10- 5 moles of HF per cubic centimeter of
melt at 1 atm. The data of the solubility of HF
will be valuable in studies of methods of salt
puri fication, some aspects of corrosion probl ems,
and processes for dissolution of sol id fuel
elements for uranium recovery.

Preliminary measurements of concentration cells
with Nio/Ni F 2 electrodes and the solvent KF-Li F
(50-50 mole %) indicate the solubil ity of Ni F 2

in this solvent to be about 10 times that in the

solvent NaF-ZrF 4 (53-47 mole %). This difference
can probably be attributed to the basic nature of
the KF-Li F solvent in which the weokly acid Ni F 2
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would be more soluble than In the more acid

NaF-ZrF 4 mixture. In order to obtain more infor­

mation regarding the change of solute activity

coefficients with solvent composition, efforts are

under way to develop more reliable types of Daniell

cell s and to measure a series of these cells in

different media with varying but dilute concen­

trations of the metal fluorides, Ni F 2' FeF
2
,

CrF 2' and possibly other solutes.

The possibility of obtaining activities from emf

measurements of molten and sol id solutions of

salts was studied further with measurements of the

LiCI-AgCI system. The main deterrent to the

application of similar techniques to fluoride fuels

is the lack of a suitable substitute for a fluorine

electrode.

Electromigration in molten salts has been shown

to be a successful means for separating isotopes,

and therefore it is of interest to determine the

usefulness of this technique for the presumably

easier problem of separating ions of different

elements in fuel mixtures. Some preliminary

experiments with Li + and Ni ++ ions in a chloride

melt showed that if the chloride lattice is con­

sidered to be stationary, the Li + ions moved about

20 times faster than the Ni ++ ions. In principle,

electromigration should be a very efficient means

of recovering Li + from a spent fuel, but the

engineering arrangements for working in fluorides

rather than chlorides present some extremely

formidable problems. Even the chloride systems

seem likely to be very awkward from an engineering

standpoint.

2.3. Theory of Molten Fluoride Behavior

An attempt has been made to correlate the

behavior of molten fluorides on the basis of charge­

to-ion radius (Z/ R) ratios. If the z/ R ratios of

the salts in a mixture differ considerably and

especially if the salts are of widely different

valence states, the extra stabil ity of the mixture

will be large, and the structure will be considerably

di started in compari son wi th the structures of the

component sal ts, that is, the Iarger the di fference

in Z/R ratios, the more stable the mixture relative

to its components. For components which mix

without a change in coordination number and with

I ittle distortion, the negative deviation from ideal

solution behavior is accounted for, in general, by

a decrease in cation repulsive energy upon mixing.

It is also convenient to correlate the behavior of

the complex molten fluoride mixtures in terms of

the attraction between the fl uori de ions and

neighboring cations. The ions in a solution tend

to arrange themselves in positions of lowest

energy. Accordiflgly, the mutual energy value

determines the position of the fluoride ions with

respect to alt:lrnative cations, and fluoride ions

will prefer as nearest neighbors those cations

which yield the largest Z/R ratios. An increase

In the difference in the Z/R ratios of the cations

of a fluoride solution will result in an increase

In the negati"e deviations from ideal solution

behavior shown by the mixture.

A useful qual itative model for describing the

I iquid structure of fuel mixtures based on the

NaF-ZrF 4 system was devised in which liquid

ZrF 4 is considered to be a somewhat disorganized

lattice of fluoride bridges connecting zirconium

ions. The addition of NaF to ZrF 4 results in the

breaking of the bridges to give zirconium ions

which are surrounded partially by bridging fluorides

and partially by nonbridging fluorides. Since the

complexing potentialities of a fluoride melt depend

on the fluoride ion activity, it is very important to

know how this activity, which cannot be measured,

varies with composition.

The fluoride ion activity can be correlated in a

qualitative manner by an acid-base scheme in

which cations are rated according to their tendency

to behave as fluoride donors or acceptors. If

fluoride dcnors are defined as bases and fluoride

acceptors os acids, the cations fall into the same

general pattern as that used for the classification

of oxides as acidic or basic. The NaF compound

is an example of a strong base and ZrF 4 of a

strong acid.
In order to map the relative acidity of a fuel

solvent, Z/R ratios are plotted vs solvent compo­

sition. Such a plot permits estimates of the

rei ati ve negative devi ation s of sol utes, and, hence,

also relative solubilities in case the pure solute

is the saturating phase. An important use is the

selection of solvent compositions which wi II

reduce corrosion by complexing the corrosive

agents rather than the corrosion products.

2.4. Physical Properties of Molten Materials

The vapor pressures of the less volatile

components in fuel mixtures are being studied.
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In order to determine the vapor species, the
absolute vapor pressures of molten alkali fluorides
were measured by a quasi-static method. A suf­
ficiently wide temperature range was covered to
give curvature on a log p vs liT plot. Equations
were established and constants evaluated for the
compounds LiF, NaF, KF, RbF, and CsF. Tenta­
tive estimates were also made of the percentage
of monomeric molecules in the saturated vapor of
the various molten alkali fluorides.

A preliminary value for the density of molten
UF 4 wos obtained for use in a determination of the
surface tension. At 1075°C, a density of
6.80 ± 0.09 g/cm 3 was found by using graphite
pycnometers. The density of the molten material
being greater than that of solid UF 4 (6.63 g/cm 3

based on x-ray data) and the behavior of the salt
surface level upon freezing in the pycnometer
indicate that UF 4 either contracts or expands
only very slightly upon melting.

2.5. Production of Purified Fluoride Mixtures

The hydride of yttrium is being studied for use
as a moderator in hi gh-temperature reactors.
Considerable quantities of YF

3
(""'1400 g) were

therefore prepared for use in manufacturing the
metallic yttrium from which the hydride is prepared.

The product of the reduction of MoF 6 with FeF 2

was collected in a condenser and redistilled, and
the yellow product was found to melt at 78°C
rather than the 60°C previously reported for the
material before distillation. It has not yet been
determined conclusively that the material is MoF 4"

In the pi lot-scale equipment, 42 batches were
processed that totaled 1575 Ib of various fluoride
compositions, with a major portion of the material
being NaF-KF-Li F-UF 4 (11.2-41-45.3-2.5 mole %).
Nickel storage receivers are unsatisfactory for
the lithium-base mixture because of the large
expansion of the material upon melting. Inconel
cans are now being used for 50-lb batches, but
when inadvertent exposure of the mixture to air or
water occurs in Inconel cans, extens ive contami­
nation of the melt with CrF 2 and FeF 2 results.
Since these contaminants cannot be removed
economically by retreatment of the batch, the
material must be discarded.

In the production-scale facility 46 batches
totaling approximately 11,500 Ib were processed.
Some 18,000 of the 30,000 Ib of NaZrF ordered
from a vendor was received and found to te satis-

factory. A total of 15,700 Ib of processed fluorides
was dispensed in batch sizes ranging from 1 to
250 lb. Approximately 4000 lb of processed
fluorides and 2500 Ib of liquid metals were charged
into test units.

2.6. Compatibility of Materials at High
Temperature

The study of the penetration of graphite by
molten fluorides was continued. An experiment
was performed in which commercial APC graphite
was impregnated with NaF-ZrF 4 (53-47 mole %)
and then subjected to a sublimation step in order
to raise the melting temperature of the residual
mi xture to above that of the uran ium-beari ng
mixture. The sublimation procedure increased
the NaF-to-ZrF 4 ratio in the graphite, with the
final ratio being about 16:1. This material will
be tested in a molten uranium-bearing mixture to
determi ne whether a sol id impregnating material
wi II resi st penetration.

Two types of graphite (code Nos. R-28 and M-80)
obtained from the National Carbon Company were
immersed in NaF-ZrF 4-UF 4 (53.5-40-6.5 mole %)
after impregnation with NaF-ZrF 4 (53-47 mole %).
Examinations revealed that these specimens were
not penetrated to any considerable degree by either
of the salt mixtures.

It has been established through electrolytic
studies of the NaOH-Ni system that in a non­
isothermal system the hot nickel electrode is
usually anodic and the cold electrode is cathodic.
Thi s situation can, however, be reversed by the
use of a hydrogen atmosphere. Si nce NaOH is a
potential moderator-coolant material, attempts are
being made to balance the current in an effort to
find a way to eliminate the mass-transfer effects
observed in NaOH circulated under a temperature
gradient.

In service tests of valve seat materials exposed
to helium saturated with NaK vapor, G-E SE-550
and SE-450, Dow-Corning Silastic-80, and Du Pont
5570 withstood NaK fairly well, with SE-550
possibly being superior to the other materials.

2.7. Analytical Chemistry

The apparatus for the detection of submicrogram
amounts of sodium in air was assembled and tested.
In preliminary tests too ppb of sodium could be
easily detected. By means of appropriate re­
finements in the instrument it appears that the
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desired limit of detection of 10 ppb is feasible
with the present apparatus. Zirconium was found
to be a suitable material from which to fabricate
orifices for the injection of NaK into air. These
orifices wi II be used in the testing of the NaK
leak detectors.

The methanol-dissolution method for the deter­
mination of oxygen in lithium was investigated.
In this method the lithium oxide forms an equivalent
amount of water upon di ssolution in methanol.
The water is then ti trated wi th Karl Fi scher
reagen t. Th e rei iabi Iity of the method is dependent
on the degree to which the methanal can be dried.
Methanol was produced with a concentration of
10 ppm of water.

An improved device for sampling alkali metals
was developed which includes a Jamesbury valve
modified so that it also serves as a sample holder.

The valve is connected to the operating apparatus
by means of a metal-to-glass standard taper joint.

Methods for the determination of microgram
amounts of aluminum, vanadium, and titanium in
lithium-base fluoride salts were modified in order
to apply these methods in the presence of in­
terfering metals. In the method for aluminum
analysis, zirconium, iron, uranium, titanium, and
vanadium are removed by extracting them with
tri-n-octylphosphine oxide. This particular ex­
traction essentially isolates the aluminum in the
aqueous phase. For the vanadium determination,
the interfering ions, including nickel, iron, chro­
mium, and molybdenum, among other ions, were
removed by deposition at the mercury cathode
prior to determination of the vanadium as the
benzohydroxamate complex. Titanium was separated
from molybdenum by a basic carbonate precipitation
and from niobium by extraction of the thiocyanate
salts with diethyl ether.

A sensitive, spectrophotometric method for the
determination of nickel with 4-isopropyl-l, 2­
cyclohexanedionedioxime was developed. When the
nickel-dioxime complex is extracted with xylene,
the ultimate sensitivity is less than 0.5 ppm of
nickel in a 5-g sample of alkal i metal. The inter­
ference af iron is masked by use of the fI uori de
ion. This method is also applicable to the deter­
mination of nickel in solutions of zirconium- or
lithium-base fused salt fuels.

A study of interferences of various cations in
the spectrophotometric determination of microgram

amounts of zirconium in sulfate solutions with
pyrocatechol violet was completed. Vanadium,
titanium, CI1d aluminum, as well as the anions
that form relatively strong complexes with zir­
conium, were found to interfere seriously.

The methy lene-blue method for the determination
of sulfur in fluoride salts was improved by the
substitution af a reducing mixture of stannous
ch lori de and dehydrated phosphori c aci d for the
standard mixture of red phosphorus, hydriodic
acid, and formic acid. As much as 1 g of the
fluoride salt can be di ssolved in 20 ml of the
new mixture, whereas the fluoride salts are only
sl ightly soluble in the red phosphorus mixture.
The improved method is thus much more reI iable,
particularly for low concentrations of sulfur.

Argentic oxide was studied as an oxidant for
chromium. This oxidant is efficient in solutions
of all acids except hydrochloric. Excess oxidant
is destroyed by heating the solution. The use
of th is reagent materi ally shortens the procedure
for the spectrophotometric determination of chromium
with diphenylcarbazide with apparently no sacrifice
in preci sion.

The extraction of molybdenum from acidic solu­
tions with tri-n-octylphosphine oxide was investi­
gated. Under favorable conditions as much as
20 mg of molybdenum(VI) can be extracted quan­
titatively in a single extraction by 0.5 mmoles of
reagent.

A sati sfactory effusion cell was developed for
use in mass-spectrometer investigations of the
compositions of the vapor phases of fused-salt
fuel mixtures. Preliminary measurements were
made on alkali-halide salts.

PART 3. METALLURGY

3.1. Dynamic Corrosion Studies

Three forced-circulation loops fabricated of
Hastelloy B were examined that hod circulated
NaF-KF-Li F-UF 4 (11.2-41-45.3-2.5 mole %, fuel
107) at a maximum fluid temperature of 1650°F.
Two of the loops operated with maximum wall
temperatures of about 1750° F and showed no
evidence of mass transfer after 407 and 1000 hr,
respectively. A third loop, which operated with a
maximum wall temperature of 1710°F and at a
relatively low flow rate, showed sl ight evidence of
deposits near the pump. The hot legs of all loops
were found to be badly pitted after the tests, but
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much of the surface roughness could be attributed
to the condition of the inner surfaces of the tubing
before the tests.

An Inconel forced-circulation loop was operated

with NaF-ZrF -UF 4 (50-46-4 mole %, fuel 30) at
a maximum f1uid temperature of about 17000 F
and a maximum wall temperature of 18400 F. After
1000 hr of operation the loop was found to have
been attacked to a depth of 9 mi Is, and there were
some deposits in cold-leg sections. The fuel
mixture No. 70, NaF-ZrF 4-UF (56-39-5 mole %),
was tested in another Incone1 forced-circulation
loop operated at a fluid temperature of about
15000 F. Loop operation was terminated after
716 hr, and attack to a depth of 5 mi Is was found
in the hot leg. A thin metallic layer was also
noted in the cold leg. An examination of another
Inconel forced-circulation loop that operated
500 hr with fuel mixture No. 30 also revealed hot­
leg attack to a depth of 5 mils, but no cold-leg
deposits were found.

An evaluation was made of the effectiveness
of cold traps in the removal of oxide impurities
from circulating NaK and the resultant effect on
mass transfer in Inconel-NaK forced-circulation
loops. Cold traps maintained at temperatures of
100, 300, 600, and 800°F, respectively, were
utilized in conjunction with loops operating at a
maximum NaK temperature of 1500°F and a fluid
temperature drop through the loop of 300°F. A
definite increase in the amount of deposit ma­
terial was noted in the loop which contained the
cold trap operated at 800°F as compared with
the loop having the cold trap operated at 600°F.
The change in the amount of deposited material
accompanying a decrease in the cold-trap temper­
ature below 600°F was less than the change from
800 to 600°C. The average sizes of the particles
comprising the deposits also varied with the
cold-trap temperature, becoming coarser as the
cold-trap temperature increased. The deposits
found in these NaK systems were less than one­
half the weight of deposit found in sodium systems
operated under similar temperature and time con­
ditions.

Two Inconel-sodium forced-circulation loops
which operated at flow rates of 1.5 and 3.0 gpm
were also examined. The maximum sodium temper­
ature in these tests was 15000 F, and the temper­
ature gradient was 3000 F. Operation of the loops
for 1000 hr at the higher flow rate produced

deposited material that weighed 14 g compared
with 10.4 g for the loop operated with the lower
flow rate. The average thickness of the deposit
was also higher in the loop operated with the
higher flow rate.

A type 304 stainless steel forced-circulation
loop after operation with sodium at 15000 F showed
only slight traces of mass-transfer deposits. This
loop was operated for 1000 hr with a thermal
grad ient of 300° F.

Long duration tests of Inconel forced-circulation
loops were made with both NaK and sodium circu­
lated at a maximum fluid temperature of 1500°F.
The test with NaK, for which a temperature
gradient of 600°F was used, was terminated after
2760 hr. The cooled section of this loop was
found to contain extensive crystalline deposits
that ranged to 14 mils in thickness. The loop
operated with sodium for 4000 hr with a temper­
ature gradient of 800° F showed cons iderably larger
deposits that reached a thickness of 50 mils in
some areas.

Thermal-convection loops fabricated from various
experimental nickel-molybdenum alloys were tested
with sodium and with NaF-KF-LiF-UF 4 (11.2-41­
45.3-2.5 mole %, fuel 107), for 1000 and 500 hr,
respectively, at maximum fluid temperatures of
15000 F. There was attack by the fuel mixture to
an average depth of 1.5 mils in all loops except
those constructed of alloys containing aluminum
additions. For the alloys containing aluminum a
maximum depth of attack of 3 mils was found.
Correspondingly the pickup of aluminum by the
fuel was high in the loops fabri cated from alloys
containing aluminum. Similarly tungsten was
picked up by fuel circulated in alloys containing
tungsten; however, no appreciable increase in
attack accompanied the buildup of tungsten in the
fuel. Vanadium, titanium, and niobium additions
to the alloys had no apparent effect on corrosion;
but the fuel picked up slight amounts of titanium
and niobium.

An average hot-leg attack of 1 mil was found in
several nickel-molybdenum alloy loops operated
with sodium, and deposits were visible in the cold
legs. These deposits did not adhere tightly to the
loop wall, and consequently difficulty has been
encountered in examining them metallographically.

A series of standard Inconel thermal-convection
loops was operated with NaF-ZrF 4- UF 4 (50-46-4
mole %, fuel 30) at 15000 F to determine whether
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the migration into Inconel of voids instituted by
the leaching of chromium during the corrosion
process would continue if a loop were left at test
temperature after the fuel was drained. The
results showed that the migration of voids into
Inconel did not proceed when the leaching of the
chromium was stopped.

Three stainless-steel-clad niobium loops showed
only sl ight hot-leg attack in tests with NaF-KF­
LiF-UF

4
(11.2-41-45.3-2.5 mole %, fuel 107) at

1500o F; however, some cold-leg deposits were
observed in niobium loops which operated 1000 hr
or longer. A niobium loop was also operated
1000 hr with sodium at 1500oF. The attack was
negligible, but cold-leg deposits were observed.
Chemical analysis of the deposited material
indicated that the sodium probably leaked into the
cladding loop during operation.

3.2. General Corrosion Studies

Additional Inconel tube-to-header joints with
recrystallized welds were corrosion tested in NaK
(56-44 wt %) and in Na F-ZrF4 -UF 4 (50-46-4 mole %)
for 100 hr in seesaw-furnace apparatus with a hot­
zone temperature of 1500o F. These samples were
fabricated by using a prechamfered header plate
which results in decreased material deformation
and greater weld surface area. The tests showed
no greater attack a long the tube-header interface
than on the tube and on the header.

Haynes No. 8244 braz ing alloy (9.4% Cr-4.4%
Fe-3.7% Si-2.2% B-0.3% Mn-0.06% C-bal Ni) on
Incone! tube-to-header joints showed good cor­
rosion resistance to NaK (56-44 wt %) in a 100-hr
seesaw-furnace test at a hot-zone temperature of
1500"F. Subsurface voids to a depth of 3 mi Is
were observed on the alloy when tested in NaF­
ZrF4-UF 4 (50-46-4 mole %) under simi lar con­
ditions.

A seesaw-furnace test of 500 ht at a hot-zone
temperature of 1650°F was run to determine the
compatibility of a 15% Mo-6% Cr-bal Ni alloy and
molybdenum when exposed to Na F-KF-Li F-UF 4
(11.2-41-45.3-2.5 mol e %, fuel 107). The presence
of nickel on the surface of the molybdenum
specimen after the test indicated dissimilar metal

mass transfer. Simi lar results were found with
a molybdenum specimen exposed in a 1.7% Mo-2%
V-bal Ni alloy capsule to fuel No. 107 under
simi lar conditions.

A Hastelloy B thermal-convection loop was
tested wi th sod ium at a hot-leg temperature of

1600°F and a cold-leg temperature of 990°F for
1000 hr. The attack and mass transfer in this
loop were quite simi lar to the results obtained
with sodium in Inconel thermal-convection loops.

A third sodium-beryllium-Inconel compatibility
test has shown that chromium plating of Inconel
redu ces the amount of intermeta II ic compound
formation to approximately one-third that found
when Inconel and beryllium are placed in direct
contact. Therma I cyc ling did not resu It in spa II ing
of the Be 2 Cr phase.

A zirconium specimen exposed to sodium for
400 hr at 1600°F in an Inconel standpipe capsule
was found to have absorbed oxygen from the
sodium. This removal of oxygen from the sodium
appeared, however, to have no effect on the amount
of mass transfer as compared with that found in a
standard Inconel standpipe capsule containing no
zirconium and tested under simi lar conditions.

Molybdenum and beryllium were tested for com­
patibility when exposed to sodium. Exposures of
100 and 500 hr at 1500°F resulted in the formation
of two extremely hard intermetall ic compounds,
MoBe 2 and MoBe 13 , at the interface.

Four titanium carbide-nickel cermets, three with
10, 20, and 30% nickel and one with 25% Ni plus
5% Mo, were attacked to a depth of approximately
0.5 mi I during a 100-hr exposure to sodium at
1500"F in a seesaw-furnace. In previous simi lar
tests these cermets were not attacked by NaF-

ZrF 4-UF 4'
Boron carbide specimens with theoretical densi­

ties of 85 and 90% were found to have fair
resistance to attack by static sodium in Inconel
containers at 1500°F. A dense (2.15 g/cm 3)

boron nitride specimen was severely attacked in a
100-hr exposure to sodium at 1500°F in a seesaw
furnace. Exposure of an SiC-Si specimen for 100 hr
to sodium at 1500°F in a seesaw furnace resulted
in complete removal of the sil icon.

Lead-lithium alloys containing 0.65 wt % Li
showed weight and dimensional increases when
tested in water at various temperatures. The
weight gains increased with the temperature and
time of the test.

In the lithium corrosion research being carried
out at Nuclear Development Corporation of America,
base-line data for plugging of type 316 stainless
steel-lithium thermal-convection loops has been
obtained. The addition of titanium and zirconium
as getters has led to increased loop life but has

",. . ._-
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not prevented moss transfer. The use of cold traps
for impurities has also led to improved loop
performance.

3.3. Fabrication Research

The nickel-molybdenum alloys fabricated and
tested thus for have, in general, significantly
better corrosion resistance and strength than
Inconel wi thout sacrifice of fabricabi Iity and
weldabi lity. These alloys now appear to offer
definite possibilities of use as structural materials
of reactors that utilize more efficient fuels at
higher temperatures. The corrosion resistance of
most of the alloys is equivalent to that of Hastel·
loy B, and the stress-rupture data for all alloys
tested show an average Iife of 400 hr at 1500° F at
a stress of 8000 psi. The fabricability depends
largely upon the kinds and quantities of elements
added to the basic nickel-molybdenum alloy, and
with proper control reasonable yields of material
are obtained from laboratory heats.

At present an alloy designated INOR-8, which is
based on the Ni-Mo-Cr-Fe system, seems to best
fulfill all the requirements. In order to investigate
the range of mechanical properties developed in
alloys of this system, the tensile and str~ss-rupture

properties are being determined for a series of
compos i tion s, wi th the max i mum conten t of the
major components, other than nickel, being 20% Mo,
10% Cr, and 10% Fe. The alloys tested to date
with low and intermediate contents of Mo, Cr, and
Fe are all stronger than Inconel and approach the
strength of type 316 stainless steel. There is
evidence that alloys with hig,er Mo, Cr, and Fe
content will respond to aging and show even
higher strengths.

A series of alloys designated INOR-9 are being
investigated, in which the elements Cr, AI, Ti,
and W have been el iminated because of thei r poor
corrosion resistance in fuel 107. Alloys with a
maximum of 15% Mo and with significant additions
of niobium and iron were prepared, and the limits
of solubility and oxidation behavior were de­
termined.

Six tube blanks of each of three nickel-molybdenum
base alloys prepared at ORNL have been extruded
and submitted to Superior Tube Co. for redrawing
to tubing. These alloys were desigled for studies
of the effect of 10% Cr and 7% Fe, singly and to­
gether, on the corros ion res istance of a 17% Mo-ba I
Ni base alloy.

Sheet, plate, wire, and bar products fabricated
from the six 4800-lb heats designated INOR alloys
1 through 6 have been received. Alloys INOR-4
and INOR·6 became virtually 100% scrap because
of fabrication difficulties, while alloys INOR-2
and INOR-5 were process.ed with considerable
success. The tube shells of the INOR alloys, two
each of INOR alloys I, 2, and 5 and one each of
INOR alloys 3 and 6, are presently being tube
reduced for conversion to small-diameter seamless
tubing at Superior Tube Co.

The contract with the Westinghouse Electric
Corporation covering the fabrication of large pi lot
heats of nickel-molybdenum base alloys has been
signed, and work wi II begin immediately. Initially,
one 3600·lb heat of alloy INOR-8 wi II be cast and
fabricated into sheet, plate, wire, bar, and tube
products for evaluation.

Various techniques are being uti lized in studying
the phase relationships of the Ni·Mo and Ni-Mo-Cr
alloy systems under a subcontract at the University
of Tennessee. Resu Its show that the beta and
gamma phases transform at somewhat higher tem­
peratures than those previously reported.

A total of 16 tube blanks of four Ni-Mo base
alloys which were extruded for Battelle Memorial
Institute last quarter failed during tube reduction
at Superior Tube Co. These processing fai lures
substantiate earlier evidence that these alloys
wi th 0.12% C are not amenable to tube-drawi ng
operations. Battelle has prepared new alloys wi th
a lower carbon content and has submitted twelve
bi lIets of each of two of the alloys to ORNL for
tube-blank fabrication. The tubing processed from
these blanks is scheduled for f~rced-circulation

loop tests at Battelle.
Large amounts of composite tubing may be re­

quired to circumvent mass transfer in nickel-base
alloy systems. To demonstrate the feasibility of
producing the material, several composite tube
shells of Inconel over type 316 stainless steel
were processed on a production schedule. Ex­
cellent yields of sound tubing were obtained from
the coextruded material.

Two full-sized gamma-ray shielding plugs com­
posed of tungsten carbide and Hastelloy C were
prepared for the ART fuel pumps. However, a die
failure produced lateral expansion of the plugs,
with the result that the parts are considerably over­
size and wi II be used only for brazing tests. A
redesigned die has been obtained.

xxix



Continued difficulty in producing the stainless­

steel-clad Cu-B4 C shield material at Allegheny­

Ludlum has required considerable coordination and

evaluation of materials. Recent work based on

recommendations made by ORNL has resulted in

good yields of sound material.

In attempts to eliminate lack of ductility resulting

from stringering of fine di spersions of Lindsay

Oxide, a technique was developed for producing

dense, hard particles of the desired size. Three

cores for extrusion billets were prepared with this

material dispersed in electrolytic nickel powder.

The recovery and recrystallization of arc-cast

and powder-metallurgy niobium are being studied

prior to comparing their mechanical properties.

Nearly identical microstructures were finally pre­

pared from the two materials by an initial anneal

at 1450°C followed by severe cold reduction and a

long anneal at 1250°C. This material will be used

in determining the recrystallization kinetics of the

two types of niobium.

An in-pile test capsule of hydrided zirconium

clad with molybdenum was fabricated. Equipment

for the production of yttrium metal was designed

and built. Studies on the cladding of molybdenum

with nickel-molybdenum alloys were started.

3.4. Welding and Brazing Investigations

An investigation was conducted to determine

optimum brazing procedures for fabrication of the

ART sodium-to-NaK heat exchangers. The most

influential variable was found to be the rate-of-rise

to brazing temperature. A simi lor investigation is

being conducted to determine the minimum rate-of­

ri se to braz in g temperature requ i red to effect a

satisfactory back braze of the tube-to-tube sheet

joints of heat exchangers.

The techniques developed previously for the

fabrication of valve components were used in the

preparation of various valve materials for testing

under simulated service conditions.

A study of the problems associated with the

fabrication of the ART fill-and-drain tank is under

way. Tests are being run to establish welding and

brazing procedures and joint designs that will re­

sult in crack-free fusion welds. A promising joint

design now being investigated is a trepanned type.

Additional results were obtained in the investi­

gation of the mechanical properties of Hastelloy B

and W welds on ~-in. plate, and the results of all

the tensile test data have been analyzed. The

~-in. plate required for welding and brazing studies

of some of the nickel-molybdenum experimental

alloys was received and tests were initiated. No

cracking tendencies were found in tests of INOR-]

and -8.

Results of tests at Rensselaer Polytechnic

Institute on experimental and commercial nickel­

base alloys indicate that it is usually sufficient

to evaluate the hot ducti I i ty as measured at 2300 0 F

during cooling from some higher temperature and to

compare these data wi th the hot ducti I i ty measured

at 2300°F during heating. The test results show

that none of the INOR alloys behave in as ducti Ie

a manner as Inconel and thay they behave more

like Inconel X than like Hastelloy B.

The effects of brazing variables on braze ad­

herence in NaK-to-air radiators were studied further

in order to assist the vendor in fabrication prob­

lems. Specific recommendations regarding the

equipment, cleaning methods, and brazing tech­

n i ques were made.

The initial result of a study of the effect of

brazing and heat-treating operations on the grain

growth of Inconel tubing indicates that stress

relief treatments at 1500°F do not result in grain

growth. Significant grain growth resulted, however,

from ~-hr brazing cycles at approximately 1922°F.

It was also noted that grain growth proceeded more

rapidly in the grains located along the outer wall

of the tube than in those located along the inner

wall. Straightening and polishing operations had

only minor effects on the grain growth. The in­
fluence of prior cold work is being studied.

In the molybdenum welding studies under sub­

contract at Battelle Memorial Institute the effect of

atmosphere purity, various types of shields, and

several cleaning techniques were investigated.

Acid etched specimens were somewhat better than

samples prepared by other methods. Also, the use

of a trai I ing shield in open air welding was found

to yield weldments with significantly greater
ductility.

3.5. Mechanical Properties Studies

The behavior of Inconel when subiected to re­

peated thermal cycles is being investigated by

means of re laxation tes ts on d mechan ically induced

cyclic strain tests at ORNL; the University of

Alabama is contributing to this study by conducting

thermally induced strain cyc Ie tests; and the
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Battelle Memorial Institute is evaluating the effect
of dynamic loads superimposed on static loads.

Relaxation data were obtained for coarse-grained
Inconel at 1300, 1500, and 1650°F. Prior tensile
strains at temperature were shown to have little
effect on the relaxation behavior. Evidence that
coarse-grai ned Incone I has poorer resi stance than
fine-grained material to repeated strain cycles has
been obtained.

The evaluation studies of creep properties of the
various new alloys being developed for reactor
use were continued. The results of the alloy de­
velopment program thus far indicate that consider­
able progress has been made toward achieving the
objective of developing a material that is as fab­
ricable as required for reactor construction,
possesses adequate strength, and is corrosion
resistant in high-temperature fuel mixtures, liquid
metals, and air. It has been possible to improve
the creep characteristics by additions of carbide­
forming elements, such as niobium and tungsten,
without seriously affecting the other good charac­
teristics. Several alloys of this type have ex­
hi bited a stress-rupture Iife of 1000 hr when
tested in fuel 107 at 8000 psi and 1500°F.

Studies were made of the elevated-temperature
properties of the bery II iurn blocks being fabr icated
for the ART by the Brush Beryllium Co. The tests
indicate that the strength properties do not vary
appreciably from those predicted on the basis of
tests of smaller pressings.

3.6. Nondestructive Testing and Inspection of
Materia Is and Components

The recently developed Impedograph, which
measures both the a-c res istance and the reactance
of its testing coil over a wide range of frequencies,
was applied successfully in eddy-current inspec­
tions. This instrument simultaneously presents
inspection information from both the inner and
outer surface of tubing, regardless of the material
or size of the tube.

Equipment and techniques were developed fCH
using an eddy-current probe coi I to measure the
thicknesses of coatings or cladding. Measurements
made of the cladding thickness on Mark X MTR fuel
plates demonstrated the feasibility of the inspec­
tion techniques. With further experience it shou,ld

be possible to measure cladding thicknesses of
most alloys on a cermet core, of any of the oxida­
tion-resistant alloys over molybdenum or niobium

cores, of an austenitic stainless steel over a
ni ckel-molybdenum core, of a ni ckel-molybdenum
alloy over an austenitic stainless steel core, or of
the outer layer of duplex tubing. The ability to
measure Inconel on austenitic stainless steel or
austenitic stainless steel on Inconel is currently
considered to be marginal.

Exposure data are being compi led for the radi­
ography of various thicknesses of Inconel, stainless
steel, nickel-molybdenum, and similar alloys. Also,
test weldments in ~-in. Inconel sheet are being
radiographed through 8 in. of beryllium to explore
techniques for the inspection of the closure welds
of the ART fuel-annulus core shells.

A 6·in.-dia cap, for use as a catch basin, which
had been welded to the bottom of the sump tank of
the Pratt & Whitney high-temperature critical
assembly, was removed when leakage was detected
and was found to be severely cracked. It was
learned that the cap had been machined from bar
stock rather than being a forged fitting, as speci­
fied.

Inspections of materials for construction of
reactor and test components resulted in rejection
rates for Inconel that varied from 0 to 63%, de­
pending on type and lot of material. All the Hastel­
loy B inspected was found to be completely infer(or
to requirements.

One of the six, large, beryllium hot pressings
fabricated for the ETU and ART reflector-moderators
was inspected under laboratory conditions to evalu­
ate the techniques used for the field inspection.
The "squirter" technique being used in the field
was demonstrated to be satisfactory, if used with
care.

Welding inspections indicated a performance
record of 83% acceptance of critical welds and
over 95% acceptance of other standard welds.

PART 4. RADIATION DAMAGE AND FUEL

RECOVERY AND REPROCESSING

4.1. Radiation Damage

Metallographic specimens were cut from in-pile
loop No.4 which circulated a fluoride fuel mixture
in the MTR. None of the specimens examined thus
far have shown attack greater than 1.5 mi Is in
depth, and no signs of mass transfer have been
found. Colored amorphous deposits were found on
the pump slinger and on the forward bellows that
were similar to deposits found in in-pile loop No.3.
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The MTR-irradiated Inconel capsule containing
beryllium oxide slugs was disassembled and ex­
amined. There was no evidence of BeO powder in
the capsule, and no significant changes were ob­
served in either fue lengths or diameters of the
slugs.

An apparatus for stress-rupture tests of Inconel
tubing under irradiation in fue MTR was essentially
completed. Eight separate specimens wi II be
tested simultaneously. Duplicate specimens wi II
be tested out-of-pile at stresses of 2000, 3000, and
4000 psi at 1500oF.

Rupture times of lOSO and 16SO hr were obtained
for two specimens of Inconel tubing tested at 2000
psi and 1500°F while being exposed to a thermal­
and fast-neutron flux of 6 x 10 12 neutrons/cm 2• sec
in hole HB-3 of the L1TR. These rupture times for
this O.OlO-in.-wall tubing were in good agreement
with out-of-pile data. A third in-pile specimen,
stressed to 1000 psi at 1S00°F, did not rupture in
1670 hr, and the total creep deformation will be
measured upon disassembly of the apparatus.

Examination was completed on a tubular Inconel
specimen fuat was stressed in bending at a maxi­
mum stress of 1000 psi and irradiated for 1120 hr
at 1S00°F while exposed to NaF-ZrF 4-UF 4 (63-25­
12 mole %, fuel 41) on the inside and sodium on
the outside. Corrosion on the fuel side was negli­
gible and did not appear to depend on the sign or
magnitude of the stress. On the sodium side there
was attack to a depth of about 3 mils.

Two MTR-irradiated and two control capsules
fabricated of Inconel and filled with fuel mixtures
of the NaF-ZrF 4-UF 4 system containing 2 mole %
UF 3 were opened and examined. The capsule
exposed to a flux of 1.5 kw/cm 3 for 676 hr at
1500°F and its control capsule showed corrosion
penetration so negligible as to be confused with
surface faults. The capsule containing 4 mole %
UF 4' which was exposed to a flux of 3.7 kw/cm 3,

was attacked at the mid-point to a depth of 5 mi Is
in 235 hr at 1500°F. The distribution of the attack
was that anticipated on the basis of fue tempera­
ture profile. The contribution of irradiation to the
attack cannot be judged until control data and
chemical analyses of the fuel are avai lable.
Hastelloy B capsules were tested out-of-pile, and
similar capsules have been inserted in the MTR.
Means for applying oxidation resistant coatings
to the Hastelloy B capsules are still being investi­
gated.

Out-of-pile tests of the pump designed for circu­
Iating fused-sal t fue I in fue LI TR vertical in-pi Ie
loop have demonstrated that the newly designed
ZrF 4-vapor control features are satisfactory. An
in-pile loop incorporating a similar pump is being
prepared for insertion in the L1TR. Facilities are
being planned for the operation of similar loops in
the Oak Ridge Research Reactor.

During preparations for filling the L1TR vertical
in-pi Ie loop, it was di scovered that the in terior of
the dry box was contaminated by an unknown
gaseous sulfur compound. Sulfur in the Neoprene
rubber gloves was found to be the source of the
contamination.

Irradiation exposures of nine Cu-B4C samples
were completed in the MTR. Examinations of six
of the sampl es are under way.

The applicabi lity of polarographic techniques to
the study of the fi s s ion-product chemi stry of fused
salts is being investigated. Means for accommo­
dating the high electrical conductivity of the fused
salts, as compared with aqueous solutions, are
being developed.

A survey was made of the relative variation of
neutron flux with distance in hole 51N of the ORNL
graphite reactor by using sulfur and cadmium­
covered gold detectors. A plot is presented of the
relative activities of the detectors as a function of
distance from the concrete shield.

The minority carrier lifetime of n-type germanium
has been found to change under irradiation according
to a power law for both fast-neutron and gamma
irradiation. Irradiation with C0 60 gamma radiation
and subsequent annealing show a complicated
structure in the barrier change of diodes and
transistors. The results of tests indicate that the
properties of such devices would be changed by a
pulse of gamma irradiation and that there would
not be immediate recovery upon removal of the
pulse.

A safe was designed for the removal of samples
from the ORNL graphite reactor without subjecting
personnel to radiation. The device can be used
at the reactor loading face, or, by transferring it to
another dolly, at holes SO, 51, and 52.

An exposure device has been designed for use
in hole 30N of the Graphite Reactor with which a
sample can be moved from the external sh ield to
the irradiation position in about 10 sec. This
device will facilitate measurements on semicon­
ductor components under irradiation.
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The loss tangents of polyethylene, polystyrene,
Teflon, Nylon, and phenol formaldehyde were
measured before and after a series of C0 60 irradia­
tions. All samples showed measurable changes
after exposures of 108 r; however, the dielectric
constant changes of these materials were less than
the accuracy of measurement, that is, ±S97o.

4.2. Fuel Recovery and Reprocessing

Construction of the fused salt-fluoride volatility
pilot plant is essentially complete, except for the
facilities for handling the ARE fuel, which will
not be installed until runs with nonirradiated
material are completed. Shakedown tests have
been started.

The embrittlement of nickel and nickel alloys
with sulfur was studied to determine the allowable
sulfur contamination in the volatility process. A
nickel foil test was devised which will detect
5 ppm of sulfur in a fused salt. Under ordinary con·
ditions, however, in equipment with heavy nickel
walls, a sulfur contamination of 200 to 500 ppm is
necessary to produce any effect in one exposure,
but the sulfur effect is cumulative. It appears that
the scavenging of sulfur by nickel means that if
the salt is once exposed in the fused state to
nickel equipment it becomes relatively free of
sulfur. The sulfur embrittlement of Inconel was
found to be much less than that of nickel.

The gas-phase oxidation resistance of types 316
and 347 stainless steel was found to be quite un­
satisfactory in laboratory tests of their use
as containers for fused fluoride salts. This sub­
stantiated pilot plant experience with the charge
melt vessel.

An over-all poros ity of 65% was found for the
type of NaF to be used in the absorption-desorption
step of the decontamination process. The particle
and bed porosities were 48 and 33%, respectively.
There was little difference between different lots
of Harshaw Chemical Co. material.

Experiments were conducted to test whether
plating out of ruthenium on metal surfaces could
be used to achieve additional decontamination. In
the initial tests, low decontamination was achieved
in a nickel trap, but there was only a small amount
of activity involved and the surface area of the
nickel was small. It is anticipated that the reo
moval of ruthenium with a nickel column may be
made more effective by using a greater surface area
or by operatin g at a higher temperature.

PART 5. CRITICAL EXPERIMENTS AND

REACTOR SHIELDING

5.1. Critical Experiments

A critical assembly mocking up the circulating'
fuel reflector-moderated reactor under study by
Pratt & Wh itney Aircraft was operated at tempera­
tures near 1250°F. The fuel consisted of a molten
mixture of sodium, zirconium, and uranium fluorides,
and the control rod contained a mixture of 30% rare
earth oxides and 70% nickel. With the control rod
out, the critical concentration was 10.97 wt % U

(5. J mole % UF 4) at 1258°F; with the rod inserted
to the midplane, the critical concentration was
12.20 wt % U. The temperature coefficient of
reactivity over the range of 1200 to 13500 F was
-3.6 x 10- 5 (~k/k)/oF.

5.2. Shielding Theory

Several Monte Carlo calculations have been per­
formed on the Orac Ie to determine the dose rate,
energy flux, energy deposition, and in some cases
the energy spectra in laminated shields as a func­
tion of the energy of the gamma-ray source and the
angle of incidence of the gamma rays on the shield.
Since it is impractical to publish all the results
from these calculations in a progress report, a
summary of the problems is presented along with
references to the published data.

5.3. Lid Tank Shielding Facility

A new instrument positioner has been installed
at the lid Tank Shielding Facility (LTSF) which
wi II indicate the absolute position of any radiation
detector in the tank water to within ±O.S mm. This
is a considerable improvement over the old posi­
tioner with which absolute positions could not be
determined to an accuracy greater than ±S mm.
The new system also provides for remote control of
the positioner.

Under Subcontract No. 390, Metal Hydrides, Inc.,
has investigated the physical properties of lithium
borohydride.ammonia, which has been suggested as
a neutron shield. Pressure-temperature.composition
relationships have been determined for material
temperatures ranging from 0 to 80°C. The ammo­
nolysis reaction, which was found to occur to a
small extent, was studied briefly between 50 and
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lOO°e. The densities of liquid lithium borohydride
ammoniates were also determined.

A survey of shielding materials, which was per­
formed by the Techn ical Research Group under
Subcontract No. 931, confirmed that lithium hy­
dride and polyethylene are the most effective neu­
tron shields known to date. Lithium hydride is
the only lightweight neutron shield material that
can be used in the temperature range of 700 to
1200°F, which is the range that may be expected
in some parts of the direct-cycle reactor shield.
The high-density materials required for gamma-ray
shields still center around lead, bismuth, tungsten,
uranium, etc.

5.4. Tower Shielding Reactor II

From a nuclear parameter study and a cursory
examination of the heat removal problem, the
dimensions and composition of the Tower Shielding
Reactor II (TSR.II) core have been established.
The diameter of the internal water reflector will be
17.5 in., and the radial thickness of the core will
be 5.5 in., with an aluminum-to-water volume ratio
of 0.7. This will permit the use of the standard
Bulk Shielding Facility reactor fuel plate and
water moderator arrangement, that is, 60-mil-thick
fuel plates separated by 120 mils of water. The
cool ing water flow rate wi II be 1000 gpm.
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1, 1. AIRCRAFT REACTOR TEST DESIGN

A. P. Fraas

•
APPLIED MECHANICS AND STRESS ANALYSIS

R. V. Meghreblian

Tests of ART Structural Design Criteria

Experience in the design of structures for opera­
ti on at high temperatures, that is, temperatures
in excess of lOOO°F, is limited. Some experience
has been gained throughout the technology from
the design of jet and rocket engine components
and very high-performance steam power plants,
but little of this experience is directly applicable
to the design of a system such as the Aircraft
Reactor Test (ART). Therefore considerable
effort has been devoted to establishing suitable
des ign cr iter ia for th is reactor.

The high-temperature phenomena that wi II be
encountered in the ART are creep relaxation, ,
and s tra in-cyc Iing. The des ign probl em s associ ated
with creep were discussed previously in connection
with the stress analysis of the north-head structure,
and the design criteria used for this analysis
were given in a previous report. 1 The design
criteria for strain-cycling and relaxation analyses
were discussed in connection with the core shell
tests. 2 The only test to date which could yield
any information on the validity of the design
criteria selected for the ART was the core-shell
low-frequency thermal-cycling experiment. 2 Only
one such test has, as yet, been completed, but
the results indicate that the strain-cycling criterion
used for the core shells is conservative. It was
not possible from this single test to deduce the
degree of conservatism of the criterion.

Further tests are under way or have been pro­
posed with which to evaluate the adequacy of
the selected design criteria. In the heat exchanger
test program presently under way it should be
possible by suitable control of test procedures
and careful selection of operating programs to
obtain useful information on strain-cycling and
creep characteristics of Inconel, as well as in­

formation on the effects of "cumulative damage."
Such a program has been initiated, and the

1R. V. Meghreblian, ANP Quar. Prog. Rep. June 10,
1956, ORNL-2106, p 19.

2 R. V. Meghrebl ian, AN P Quar. Prog. Rep. Sept. 10,
1956, ORNL.2157, p 23-26.

first of these tests was completed on Black,
Sivalls & Bryson heat exchanger type IHE-8 in
test stand IH E-B (see Chap. 1.4, "Component
Development and Testing"). This test was made
under steady-state conditions with a maximum
metal temperature in the heat exchanger tubes
of the order of 16S0°F. Since only a few relatively

minor thermal cycles were imposed on the system,
the principal loads on the structure were those
due to the fluid drag forces on the tubes. The

Iife of the heat exchanger was es timated on thi s
basis, and the calculations indicated that the
system should have operated for 600 hr before
fai lure occurred. The test was shut down after
500 hr without a failure. This attempt to predict
the life of a complex structure under creep and
corrosion conditions demonstrated the importance
of obtaining creep measurements of Inconel in
fu sed sa Its at the corros ion rates expected in
the reactor.

Additional heat exchanger tests, which will
include power-cycling, are presently being pre­
pared. These tests will be conducted on both
the intermediate (IHE) and the small (SHE) straight­
tube types of test heat exchangers. 3 In ·an attempt
to simulate the hel ical shape of the actual fuel­
to-NaK heat exchanger in the ART, a special
small heat exchanger (SH E-9) has been desi gned
and is now being fabricated (see Fig. 1.4.16 in
Chap. 1.4, "Component Development and Testing").
The tubes in this unit are in the form of 180-deg
arcs, and the composite design will incorporate
many structural features found in the ART heat
exchangers. When tested under conditions wh ich
simulate the ART design conditions, this heat
exchanger should demonstrate the adequacy of

the reactor component.

Thermal Stress Analyses of Shells

B. L. Greenstreet S. E. Moore
D. M. Miller J. R. Tallackson

A detailed program of analyses is presently under
way in order to determine the distribution of stresses
in the various shells that result from design-point

3 See, for example, L. H. Devlin and J. G. Turner,
ANP Quar. Prog. Rep. Sept. 10, 1956, ORNL·2157,
Fig. 1.4.5, p 50.

3



ANP PROJECT PROGRESS REPORT

Fig. 1.1.1. Intermediate Section of Shell V.
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The local ized nature of the stresses allows
for the reduction of the stress level by decreasing

the difference between the mean shell temperatures
and the temperature gradients in shell V near the

junction points. Changes in the temperature dif­

ferences and grad ients from those present in the

configuration of Fig. 1.1.1 can be accomplished
by varying the shell thickness near the junction
and/or by creating small regions of stagnant fuel
around the junction. The latter effect can be
achieved by placing a baffle around the edge of
the shell.

AREA UNDER CONSIDERATION
FOR ALTERNATE CONFIGURATIONS
SEE FIG, 1.1,2

shell V is limited by shell VI, and thus the stress

analysis is reduced principally to a study of
she II V.

The most critical area in this assembly is the
intermediate section which extends from just below

the equator to about 30 deg south latitude (Fig.
1.1.1). This section is exposed to large tem­

perature variations relative to shell VI, which

produce free radial expansions at the equator of

0.021 in. and at the 3O-deg south latitude junction

of 0.035 in. (note that these growths represent in­

terferences between the shells V and VI). In ad­
dition, there is a relative axial growth of 0.028 in.
Much of the distortion produced by these relative

expansions appears as local effects in shell V at

the attachment points to shell VI. Because of
the small thickness-to-radius ratio of shell V,
however, the stresses arising from the edge dis­
placements and rotations diminish rapidly with
latitude angle.

temperature and pressure profiles. Particular em­
phasis is being placed on the determination of the

thermal stresses produced in the shells. The
temperature distributions summarized in the previous
progress report 4 are being used as a basis for

these calculations. In the computations of the
corresponding thermal stresses, it is assumed

that the entire structure remains elastic. Thi s

is not a valid assumption in certain local regions

of the shells wherein the temperature profiles

are extremely steep. In these regions, plastic
deformation will occur. Nevertheless, it is ex-

pected that except for a few regions of extrerrle
distortion the elastic analyses wi II give adequate

estimates of the strains induced in the structure.
The strains thus obtained are being used to de­

termine the strain-cycl ing Iife of the structure.

This procedure was applied in a study of shells
V and VI. 5 The analysis of shell V was completed6

and is summarized here.

The function of shell V is to separate the boron­
tile curtain around the outer surface of the heat

exchanger from the fuel, and thus it serves pri­
marily as a container. Its importance as a

structural member stems from the fact that a rupture
in this shell would expose the tiles to the fused

salt, and it is possible that such exposure might
cause a significant change in reactivity because
of the high boron content of the tiles.

Shell V consists of three parts, as shown pre­
vious Iy, 5 and each port is attach ed separately to

shell VI (the pressure shell liner). The boron
ti les are contained between these concentric
shells. The inner surface of shell V is bathed
with fuel from the core, and the outer surface of
shell VI is bathed with sodium from the island

circuit. At full powe/ these fluids operate at
markedly different temperatures, and this situation
gives rise to differential thermal expansion be­
tween the two shells. Because of the appreciable
difference in thickness of these shells (y in.

3 16
for shell V and /a in. for shell VI), the growth of

4 R. V. Meghreblian, ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL-2221, p 3-12.

5 For shell structure of ART, see R. V. Meghrebl ian,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL.2221,
Fig. 1.1.1, p 3.

6 6 . L. Greenstreet et al., Thermal Stress Analysis 0/
Shell V Intermediate, ORNL CF-57·3-6 (to be published).

7 R• V. Meghreblian, ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL.2221, Table 1.1.3, p 10.
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Fig. 1.1.3. Mean Temperature of Shell V Above

Temperature of Sodium at Junction of Shells V and VI.
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for each of these geometries in wh ich the tem­
perature gradient and the temperature difference
across the transition section were used as para­
meters. Secondary parameters in this study were

the section thickness (Y16 and ~ in.) and the
thickness of the stagnant fuel region in the vicinity
of the junction (0 to Y16 in.). The results of these
calculations were compared on the basis of the
maximum combined stress occurring in each con­
figuration (usually at the junction between the
transition piece and shell V). The combined
stresses were computed according to the octahedral
shear stress theory. In two dimensions the octahe­
dral shear stress is given by

SHELL V I

SODIUM PASSAGE

A - FLAT PLATE JUNCTION

B - CONE JUNCTION

C - CYLINDER JUNCTION

s
ORNL-LR-DWG 20853

THIS AREA SHOWS ATTACHMENT

CONFIGURATIONS CONSIDERED

Fig. 1.1.2. Lower Junction of Shell VI and Inter-

mediate Section of Shell V.

Since the largest temperature effects occur at
the lower edge of shell V (Fig. 1.1.2), this will
also be the location of the largest stresses. De­
tailed two-dimensional temperature calculations,
for which relaxation methods were used, were
carried out for various configurations of this

Without the baffle, the maximum stresses were
significantly larger. In the case of the flat-plate
section, the octahedral shear stress was 25,000
psi.

T(psi)

20,500

40,400

100,700

T =

Flat plate with baffle

Cyl inder wi th baffle

Cone wi th baffle

Vi j(]2 + (]2 (] (]
3 1 2 - 1 2 '

where (]1 and (]2 denote the principal stresses In

a biaxial system. The results for the three ge­
ometries with a Y16-in. layer of stagnant fuel are
summarized below:

region. The mean temperatures in shell V for two
representative configurations considered in these
studies are shown in Fig. 1.1.3. The calculations
revealed that the largest reduction in relative
expansion between the two shells could be
achieved by the use of the fuel baffle mentioned
above. It was also found that both the gradient
and the mean temperature di fference near the
junction were affected by a change in the thickness
of shell V, while a change in the thickness of
the stagnant fuel layer affected only the tem­
perature di fference.

The temperature distributions obtained from these
studies were appl jed to three geometric shapes

for the transition section between shells V and
VI, a cone, a cylinder, and a flat plate, as shown
in Fig. 1.1.2. Stress analyses were performed
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Fig. 1.1.4. Drag Load on Heat Exchanger Tube Stem.

8 D• L. Platus, Stress Analysis 0/ a Heat Exchanger
Tube in Creep Bending, ORNL CF-57·2-101 (Feb. 22,
1957).

9G• H. MacCullough, "An Experimental and Analytical
Investigatian af Creep in Bending," ]. Appl. Mechanics
1,55-60 (1933).

The final design for the junction, selected on

the basis of this study, is a ~6-in. flat plate with
a Y16-in. region of stagnant fuel. This general
configuration is used at other junction of shells
V and VI, but the baffle is omitted because the

temperature differences are appreciably lower.
A 20,500-psi value for the octahedral shear stress
corresponds to a fatigue life of about 300 cycles.
The ART will be power cycled, at most, 25 times.

utilized to predict the creep rate and stress distri­
bution in a beam under a bending stress. In this

method it is assumed that a quasi-viscous state of
creep exists, by considering the stresses to be a
functi on of creep rate and time and to be inde­

pendent of strain, and that the cross sections
remain in a plane during bending. The latter
assumptT8h eads to the relation

• 2y •
E(y) = h Em '

where E(y) is the strain rate in the beam at distance

y from the neutral axi s, Em is the strain rate in
the extreme fiber at y = h/2, and h is the outside
diameter of the tube. If the tensile creep data
can be easily expressed analytically, the equation
may be used in an integral statement of the moment
at any section to obtain an analytical solution
of the stress distribution and the maximum strain
rate as a function of time and the applied moment.
If the creep data cannot be represented by a con­
venient mathematical expression, the equation
must be solved with the moment relation by a
numerical technique. For this purpose a set of
stress vs creep-rate curves with time as a para­
meter is required, such as those in Fig. 1.1.5.

This general approach was used to analyze an
Inconel heat exchanger tube in pure bending stress
at 1500°F in an NaF.ZrF4-UF4 (50-46.4 mole %,
fuel 30) environment, and a numerical calculation
was made for which the creep-rate data presented
in Fig. 1.1.5 were used. A determination of the
stress distributions and the maximum creep rate
for a constant moment gave a calculated maximum
elastic stress of 6500 psi (these conditions were
selected in order to shorten the time required for
a creep-rupture bend test). The results of the
calculations are shown in Fi gs. 1.1.6 and 1.1.7.
Figure 1.1.6 gives the maximum stress and creep
rate in the tube, and Fig. 1.1.7 gives the stress
distribution at various time intervals.

Two important observations may be based on
this study, First, the calculated maximum stress
is quickly reduced to about 80% of the predicted
elastic value and remains essentially constant
for the Iife of the member. Second, constant-stress
creep data are required for calculations of this
type, rather than constant·load data.

An experimental attempt to verify the "reduced­
stress effect" is being made with lead specimens
subjected to pure bending loads. The immediate

-----3> DRAG FORCE

-----3> FLUID FLOW

SECTION IN BENDING {~
STRESS ~

HEADER

Design Analysis for Creep Bending

D. L. Platus

It was mentioned above that the Black, Sivalls &
Bryson heat exchanger type IHE-8 used in the
design criterion test was operated at steady state
and that under these conditions the tubes are
subjected to a steady fluid drag force. These
forces place a bending stress on a short section
of each tube (Fig. 1.1,4), and in a first approxi­
mation the tubes behave as cantilever beams in
the vicinity of the headers. In order to predict
the stress-rupture life of these tubes it is neces­
sary to take into account the effect of creep on
the stress distribution over the cross section of
the tube. Calculations indicate that if this effect
is included a reduction of about 20% can be
real ized in the maximum fiber stress in comparison
with that predicted by the elastic theory. This
could result in as much as a fivefold increase in
stress-rupture life, as indicated by the tensile
stress-rupture data. The calculationsB were based
on a method9 in wh i ch ten s iIe creep data are

6
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several critical areas in the design have been

identified, and alterations required by stress con·

siderations have been made in the design. Three

problems have been examined, in particular, which

appear to account for some of the failures ex­
perienced with these units. In these three analyses,
studies were made of weight and air drag loads,
relative thermal expansion between fins and header,

and relative thermal expansion between adjacent

tubes as a result of flow stoppage from oxide

plugging.
The ART radiator consists of a butterfly arrange­

ment 10 of fins and headers with the fin banks

resting on support plates rigidly attached to the

headers. Expansion of the headers relative to

the fins will lift the tube-fin banks off the support

plates during power operation and thereby cause
the tubes to behave as cantilever beams subjected

to a uniform distribution of drag and weight loads.
Since the tubes are connected by the fins, the

tube bank will behave as a unit. The effect of

the fins is to produce a restoring moment at each

tube-fin connection that is proportional to the

slope of the tube at that point (Fig. 1.1.8). This
complex array of connected tubes may be treated

as a homogeneous matrix if the system of di screte

restoring moments at each fin-tube joint is replaced

by a continuous distribution. The problem is then

analogous to the classical "beam on elastic
foundation." A calculation based on this model
was performed for the ART radiator, and the air
and weight loads were found to give tube stresses
at the headers of the order of 1500 to 2000 ps i.

In the second problem, an analysis was made

of a thermal strain-cycl ing effect induced by a
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Fig. 1.1.6. Maximum Stress and Creep Rate in an

Annealed Inconel Tube Under Bending Stress in an

NaF-ZrF 4-UF 4 (50-46-4 Mole %, Fuel 30) Environment.

(Secrel wilh caption)

Fig. 1.1.7. Stress Distribution in an Annealed Inconel

Tube Under Bend ing Stress In an No F -ZrF 4 .UF 4 (50-46-4

Mole %, Fuel 30) Environment. (Secrel with caption)

10L. P. Carpenter, I. T. Dudley, and M. H. Cooper,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL-2221,
Fig. 1.4.18, p 48.

UNCLASSIFIED
ORNL-LR-DWG 20859

Radiator Stress Analysis Problems

D. H. Platus R. V. Meghreblian

Detailed stress analyses of the ART fin-type
NaK-to-ai r radi ators are presen tly under way.
Although these analyses are not yet complete,

objective of the experiment
bending-rupture life of these
basis of the tensile creep data.

is to predict the
specimens on the

p-",~~\L-p
\

FIN
M \ DEFORMATION

Fig. 1.1.8. Tube-Fin Deformations in Radiator.
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Fig. 1.1.10. Radiator Modifications.
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HEADER

11 F. A. Field, Rectangular Cross Section Cantilever
Beams in the Plastic Range, ORNL CF·56-6·85 (Ju"e
20, 1956).

temperature difference between the header drum
and the nearby fins. The unfinned portions of
tubes, shown in Fig. 1.1.9, will be subjected
to bending as a result of cool ing of the fins to
below the header drum temperature. .Based on
strain-cycling and stress-strain characteristics
of Incone! at 1500°F, a plastic analysis 11 in­
dicated that temperature differentials large enough
to be likely to cause failure were produced in the
O.5-Mw test units. The radiator units presently
being fabricated have been modified to accom­

modate the temperature differentials. The length
I indicated in Fig. 1.1.9 has been set at 1'4 in.,
and the entire fin bank has been sl iced at

3 Y3-in. interval s (Fi g. 1.1.10). (See Fig. 1.4.19 in
Chap. 1.4, "Component Development and Testing";
this radiator, now being prepared for testing,
will be provided with a thermocouple grid to mea­
sure the temperature distribution of the air leaving
the radi ator.)

In the third problem, an analysis was mode of
the effect of oxide plugging of one or more tubes
in the matrix. The plugged tube(s) will be colder
than adjacent members and wi II thereby be sub­
jected to thermal strain as a result of relative
expansion. Under these circumstances the fins
behave as diaphragms and each exerts an axial
force on the tube wh ich tends to pu II the tube
away from the header (Fi g. 1.1.11). The magnitude

UNCLASSIFIED
ORNL-LR-OWG 20863 Fig. 1.1.11. Fin Loads on Plugged Tube.

FIN AND TUBE
MATRIX

tf
LOWER FIN

al1TL/4
J _'_
'l2
~ HEADER

INDIVIDUAL TUBE

Fig. 1.1.9. Differentia I Expans fon Between Header

and Fins.

of the force is de term ined by the flexural sti ffness
of the fin, by the stiffness of the tube in tension,
and by the distance of the fin from the header.
By treating this discrete set of forces as a con­
tinuous force distributed along the tube, it is
possible to write a differential equation for the
axial stress in the tube and a corresponding
equation for the bending stress in the fins as a
function of the position along the tube. This
model indicated that the fins were relatively stiff
and produced very nearly the maximum strain
(aL1T), that is, the amount that would be induced
with a system of completely rigid fins. Never­
theless, it was not possible, on this basis, to

9
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demonstrate that the maximum temperature dif­
ferential conceivable in the system could cause
failure of the tubes under the cyclic conditions

of the test or of plugging. Metallurgical experience

indicates that the resistance of Inconel to plastic

strain cycl ing is seriously impaired by embrittle­

ment in areas wetted by the brazing alloy. Since

two radiators failed under conditions which in­

dicated tube plugging, the embrittl ing effects of

the brazing alloy on Inconel are being studied.

Core-Shell Thennal Shield

D. H. Platus

Measurements obtained from the one-half-scale
ART-core-model volume-heat-source experiment 12

indicated that the core shells might be subjected
to surface temperature oscillations as large as

BO°F at frequencies of from ~ to 4 cps. Series

of tests and experiments are therefore under way
in order to determine the fatigue life of Inconel

tubing under simulated ART conditions. If these
tests demonstrate that Inconel does not possess

fatigue strengths adequate to meet the operating
conditions anticipated for the ART, it may be

necessary to introduce design modifications to
alleviate the temperature oscillations in the core.

Several possible modifications have been sug­

gested. One proposal is to mount a pair of thin
Inconel shells in the core to serve as "thermal'
sh ields" for the structural core shell s. 13 These

shells would be similar in appearance to the
actual core shells and would define two relatively

thin flow channels, as shown in Fig. 1.1.12. The
resulting hydrodynamic structure should be con­

siderably more stable than that in the present
core configuration. The instability in the present

design results from several effects. One effect
is associated with large radial temperature dif­

ferences in a fluid flowing in a thick passage

when a large volume heat source is present in
the flu id. 14 Another effect is the characteri sti c

12 N. O. Greene et at., ANP Quar. Prog. Rep. June 10,
1956. ORNL-2106. p 222.

13 0 . H. Platus. A Baffle Design to Shield the ART
Core Shells From Temperature Oscillations in the Fuel.
ORNL CF-57-1·134 (Jon. 9,1957).

14H. F. Poppendiek and L. O. Palmer. Forced Con­
vection Heat Transfer Between Parallel Plates and in
Annuli with Volume Heat Sources Within the Fluids.
ORNL·1701 (May 11. 1954).

10
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BAFFLES ~~(1\

Fig. 1.1.12. Proposed ART Core Baffles. (Secret

wi th caption)

flow separation that occurs in a large-angle di­
verging channel. 15 Another is the radial pressure

variation associated with swirl about the island.
These adverse effects would be alleviated within
the thin channels, and the baffles would shield

the core shell s proper from the temperature osci I­
lations in the thick central annulus.

Calcul ati on s indi cote that the di vergence angl e

of the various channels can be maintained below
that likely to induce flow separation by careful

sel ection of the thermal sh iel d confi gurati on.

A further advantage to be gained from the use of

baffles is that the maximum uncooled core-shell
temperatures predi cted wi th the baffl es are su b­
stantially' lower than those in the present core.
Comparati ve sketches of the temperature profi Ies

15 J • Nikuradse. Forsch. Gebiete Ingenieurw. B 289.
1-49 (1929).
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SODIUM
TEMPERATURE

UNCOOLED WALL
TEMPERATURE

(0)

POTENTIAL WALL
TEMPERATURE

VARIATION

SODIUM
TEMPERATURE

UNCOOLED WALL
TEMPERATURE

MIXED-MEAN
TEMPERATURE

MAXIMUM CORE-SHELL
TEMPERATURE

Fig. 1.1.13. Radial Temperature Profiles in ART Core (a) Without and (b) With Core Baffles. (Secret with

caption)

Fig. 1.1.14. Axial Temperature Profiles in the ART

With and Without Baffles in the Core. (Secret with

capti on)

UNCLASSIFIED
DRNL-LR-DWG 20864for the two cases are shown in Fig. 1.1.13. More­

over, because of the smaller radial temperature
difference within the thin channels, the total power
extracted by the sodium circuit would be reduced
by approximately 50%. Even if the sodium system
were to fail and no heat was extracted through 'the
core shells, the steady maximum temperature of
the shells would not be more than 50 to lOO°F
above the mean fuel temperature, depending on
the channel thickness. A comparison of axial
temperature profiles wi th and without the baffles
for channels of Y2-in. constant thickness is pre­
sented in Fig. 1.1.14.

Several disadvantages and problems associated
with the use of baffles have been recognized.
The neutron poisoning effect of the Inconel baffles
would require a critical mass increase of 10 to
15%; the thin baffle structures must be designed
to withstand the static and dynamic fluid forces;
and design of the entrance region to distribute
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the flow properly between the channels and the
central annulus may be a difficult problem. These
various factors are presently being consi dered,
and experiments are being prepared for deter­
mining the opti~um configuration for the baffle
design.

CORE HYDRODYNAMICS

W. T. Furgerson J. J. Keyes
W. J. Stelzman

Flow studies of the full-scale 21-in. plastic
model of the ART core were continued in order to
investigate wall temperature fluctuations, which
may be analogous to the fluid temperature fluctu­
ations observed in the one-half-scale volume-heat­
source experiment, 12,16 and to test flow gu idance
devices in either the core entrance region or in
the fuel annulus that would reduce flow reversals
and other instabilities. An attempt was made to
measure a transient surface-heat-transfer coef­
ficient by utilizing a hot-wire probe located on the
outer wall. The probe was made by winding a
tight flat spiral of enameled Nichrome wire (0.006
in. in diameter) in the end of a 3~ 6-in.-OD metal
tube; epoxy resin was used to hold the wire in
place. The face of the tube was then machined

16G• W. Greene et al.LANP Quar. Prog. Rep. Sept. 10,
1956, ORNL·2157, p 22/.

LOW - TEMPERATURE
HELIUM INLET

~

to expose the surface of the spiral wire. It should
be possible from the variation in resistance of the
heated wi re wi th time to calcu late the corre­
sponding fluctuations in the heat transfer coef­
ficient arising from boundary layer fluctuations,
if the temperature coefficient of resistivity of the
wi re were known. Attempts were made to measure
the temperature coefficient of resistivity of the
wi re, but unfortunately the res istance of the wi re
was not stable at the temperature required to make
a satisfactory determination.

Improved probes are being developed in which
the sensitive elements will be thin strips of nickel
(vacuum evaporated) or si Iver (applied by painting
from solution) on the ends of a plastic rod. It is
believed that these elements wi II have good
response to high-frequency fluctuations and suf­
ficiently high temperature coefficients of resis­
tivity to permit operation at relatively low probe
temperatu re s.

In an alternative technique for measuring
boundary-layer fluctuations in the core, measure­
ments are made with a helium-cooled surface
thermocouple. The design of the thermocouple is
illustrated in Fig. 1.1.15. The thermocouple
element is of the "gun-barrel" type,17 and it is

17J. E. Mott and A. G. Smith, Jr., ANP Qua,. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 54.
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Fig. 1.1.15. Schematic Diagram of He Iium-Cooled Surface Thermocouple.
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•
mounted in a thin steel plate across wh ich a
thermal gradient is maintained by means of a
steady blast of helium cooled by liquid nitrogen.
The resul ting heat flux is su ffi cient to mainta in
the probe surface at a temperature about 60° F
below that of the ambient core fluid, whose temper­
ature is constant at 95° F. Data are being obtained
for several core geometries by the use of this
technique.

The flow-guidance investigations were continued
with studies of the core entrance region alone, the
core entrance and equatorial regions simulta­
neously, and the core island bellows region within
the center volute of the axial-flow type of header.
The configuration used at the core entrance con­
s isted of a combination of gu ide vanes, des i gnated
CA-1, and a series of annular liners, designated
shrouds 1 and 2, which split the flow entering the
central annulus of the header into separate con­
centri c cy I inders of flu id. The outer cy I inder of
fluid was allowed to proceed downward at its
natural flow angle, whereas the component of
downward flow of the inner cylinder of fluid was
increased by the guide vanes. The purpose of
this configuration was to reduce the flow reversal
at the core entrance. Complete probe traverses
of thi s system, as well as observations of dye
injections, indicated that no significant improve­
ments in flow characteristics were obtained in
comparison with the characteristics of the swirl­
type core header No.2 without inlet vanes and
with a simulated conical island expansion joint. 18

The second configuration tested consisted of a
combination of a core inlet arrangement, designated
GS-2 inlet guide vane and GS-2-P10 conical baffle
plate,19 in combination with a slotted di sk, desig-

18W. T. Furgerson and W. J. Stelzman, ANP QuaT.
PTog. Rep. Sept. 10,1956, ORNL.2157, p 26.

19W. T. Furgerson, W. J. Stelzman, and D. B. Trauger,
ANP QuaT. PTOg. Rep. June 10, 1956, ORNL·2106, p 25.
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nated "flame ring" 1, which was located 6 in.
a bove the equator. The purpose of thi s combination
was to stabilize and distribute the flow evenly
across the annulus above the equator whi Ie pre­
serving as much of the rotational component as
possible.

Results of the test showed an increase in fuel
circuit resistance equivalent to 1.3 ft of working
flu id. Claw-probe traverse data showed that the
flow di stribution was improved both radially and
circumferentially in comparison with that of series
17 tests of a configuration which had GS-2 inlet
guide vanes and a GS-2-P10 baffle plate but no
"flame ring" and in compari son with that of series
20 tests of a configuration which had a bare header
and core configuration with no inlet guide vanes
or baffle plates. The degree of variation of axial
velocity with time was decreased, also, as ob­
served by the decreased angle through which
injected dye traces fluctuated. These effects on
the flow distribution were more marked below the
"flame ring" than above it.

The confi gurati on of test seri es 24 cons isted of
the bore header and the core used in series 20
tests, but with the center body in the north-head
region modified by an inverted conical section.
The purpose of this modification was to decrease
the adverse axial pressure gradient along the upper
island surface and consequently to increase the
axial flow component in this region.

Claw-probe traverses showed that more flow had
been directed downward along the island surface.
In the region above the equator this was apparent
as a reduction in the amount of reversed flow. An
undesirable side effect was shown by dye traces;
namely, a region of large low-frequency fluctuations
of flow with time was apparent which could lead
to temperature fluctuations in a volume heat source.

13
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1.2. REACTOR PHYSICS

A. M. Perry

ART SHIELDING

1
R. B. Stevenson, ANP Quar. Prog. Rep. Sept. 10.

1956, ORNL-2157, p 32.

2H• W. Bertini et al•• Basic Gamma-Ray Data lor ART
Heat Deposition Calculations. ORNL-2113 (Sept. 17,
1956).

3 E. P. BI izard, Introduction to Shield Design. 0 RNL
CF-51-10-70. Port I. rev., p 52 (Jan. 30, 1952).

4 G• T. Chapman. J. B. Dee. and H. C. Woodsum, ANP
Quar. Prog. Rep. June 10, 1955, ORNL-1896, p 196.

A program of calculations has been undertaken

to re-evaluate the shielding of the ART and such

auxiliary equipment as the fuel fill-and-drain

tank, fuel-recovery tank, etc. The first step was

to compute the gamma-ray dose rate at the outer

surface of the ART neutron shield, without taking

into account the effects of the several penetrations

for NaK I ines, fuel I ines, etc. The effects of

such penetrations must be considered separately.

Gamma-ray source strengths in the ART 1,2 were

obtained through the use of two-dimensional

neutron-diffusion calculations. In computing the

dose at the surface of the neutron shield (the outer

layer of the water region), an infinite-slab model

was used that was based on the geometry and

source strengths in the equatorial plane of the

ART. The plane-to-sphere transformation 3 was

then appl ied to each portion of the source.

Secondary gamma rays from the lead shield were

neglected. The justification for this is that in the

Lid Tank Shielding Facility (L TSF) tests of the

gamma-ray dose rates in reflector-moderated

reactor mockups with various lead thicknesses,4

the dose varied exponentially with lead thickness

up to about 4.5 in.; the ART lead is 4.3 in. thick.

These data are interpreted to mean that the

intensity of gamma rays penetrating the 4.3-in.­

thick lead shield of the ART will be much greater

than the intensity of gamma rays produced in the

lead.

the heat exchanger was regarded as a distributed

source of gamma rays, the reflector as a fami Iy of

five plane surface sources, and the core as a set

of six plane surface sources. The shells were

treated as plane surface sources. The energy

spectra 2 were divided into energy groups with

upper limits at 0.75, 1.5, 3, 5, 7, and 9 Mev.

The bui Idup factors used were those for water,

since the outer layer of the shield is 31.5 in. of

water. The buildup factor was used in the form

wi th the constants a and b eval uated to fit the

buildup-factor curves 5 for I1r between 5 and 15

mean free paths.

The calculated dose rate at the surface of the

water bag (r = 170 em) is 1840 r/hr. The rei ati ve

importance of each source is indicated by the

percentage contributions to the total dose rate:

core, 22%; outer core shell, 9%; reflector, 12%;

reflector shell, 35%; heat exchanger, 22%.

In such a calculation the question arises of

whether the buildup-factor method can yield valid

resu Its for the reflector-moderated reactor geometry.

The gamma rays penetrate a substantial thickness

of lead, and, since the lead absorption cross

section has a minimum for gamma-ray energies

from 3 to 5 Mev, it might be supposed that most

gamma rays entering the water would have energies

in this range. For the higher energy sources, use

of water buildup factors might then lead to appreci­

able errors. In ~rder to check this point, an

attempt was made to determine the energy spectrum
of the gamma rays entering and leaving each

component of the shield. Use was made of the

energy spectra from monoenergetic point sources in

infinite homogeneous media, as computed by

Goldstein and Wilkins. 5 The sources were divided

into a set of poi nt sources, and the dose rate at

the inner surface of the lead shield was computed

for each source energy group. Attenuation and

degradation of the radiation in the lead were then

computed 5 as if the flux incident on the inner

surface of the lead were due to a set of point

monoenergetic sources at the center of a hollow

cavity inside the lead. The same procedure was

appl ied to the water wi th a new set of effecti ve

5 H• Goldstein and J. F. Wilkins, Jr., Calculation 01
the Penetrations 01 Gamma Rays. Final Report, NYO­
3075 (June 30, 1954).

A. M. PerryC. M. Copenhaver
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point monoenergetic sources determined by the
energy spectrum emerging from the lead.

This method of calculation yields a gamma-ray
dose rate of 1610 r/hr at the shield surface. The
energy fluxes at the shield surface in each gamma­
ray energy group are listed below:

Gamma-Ray Energy Interval

(Mev)

0.25-0.75

0.75-1.25

1.25-3

3-5

5-7

7-8

Flux
(Mev/cm2.sec)

108

86

271

301

147

185

PERIOD ENDING MARCH 31,1957

The fast-neutron dose rate at the shield surface
was computed from LTSF data,4 with the use of
the tran s formation from fi ni te-di sk surface source
to spherical surface source and the factors that
accounted for the additional boral attenuation and
increased source-to-shield surface ratio in the
LTSF configuration, as formulated by Dee and
Oti s. 6 For an LTSF equivalent surface source
strength of 0.428 x 10- 3 w/cm 2, the calculated
fast-neutron dose rate at the ART shield surface
was 3.86 rem/hr. Thus at a distance of 50 ft from
the center of the ART operating at 60 Mw with
a 4.3-in.-lead and 31.5-in.-water shield, the
calculated gamma-ray dose rate is 22.8 rem/hr and
the fast-neutron dose rate is 0.05 rem/ hr.

6J. B. Dee and D. R. Otis, ANP Quar. Prog. Rep.
Dec. 10. 1955, ORNL-2012, p 204.
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1.3. ART INSTRUMENTS AND CONTROLS

E. R. Mann C. S. Walker
R. G. Affel

If N is rotor speed and k 1 and k2 are equation
con stants, the

HP

d(KE) dN
= 2k

2
N -

dt dt

N

dN
o = k 1 N3 + 2k 2 N

dt

r power to ]
l circulate fluid

l
po~er .to change]

kanetlc energy

(6)

(3)

The solution to Eq. 3 can be shown to be in any
of the following forms, with the subscript 0 indi­
cating the initial values at steady-state conditions
before the start of operation decay:

If Eq. 2 is substituted into the original ex­

pression, Eq. 1, the following expression for
speed vs time is obtained:

[kinetic energy] = KE = k2 N 2

expressed in power-time units. Then the

(4)

(2)

and the

(5)

FLOW DECAY IN ART PRIMARY NaK SYSTEM

FOLLOWING POWER LOSS

W. E. Werts 1

A NaK pump power fai lure wi II produce temper­
ature and pressure transients in the ART heat-dump
sy stem. The NaK ci rcu i t flow-decay character­
istics were therefore investigated for use as a
guide in evaluating the significance of such a
power loss. This investigation was based on the

premise that flow is proportional to pump speed
when other fluid circuit conditions are constant.

Experimental data on the transient character­
istics of a NaK circuit were obtained for a loop
in which an ART prototype NaK pump was being
tested at high temperatures. The loop contained
about 6 ft3 of circu lating NaK. During shutdown

tests, high-speed motion pictures were taken of
the pump shaft and of a pointer attached to a
synchronous timing motor. This photographic
record provided a reliable and accurate method
of determining the number of pump-shaft revolutions
as a function of time. With a complete tabulation
of pump-shaft revol ution s vs ti me establ ished,
speed vs time data could be obtained through
numerical differentiation.

Several shutdown tests were made from each of
two initial conditions. The NaK flow was es­
sentially the same for both conditions, but the
initial pump-shaft speed in one case was about
three-fourths the initial speed in the other case.
A hand valve was adjusted, as required, to provide
the desired flow for the pump-shaft speed used.

The data were compared and evaluated according
to the following system-operation-decay analytical

relationship:

When the system driving power was terminated, the
relationship became

r power to ]
lcirculate fluid +

rpower supplied]
l to system

l power to ]
(1) 0 = circulate fluid

rpower to change]
+ l kinetic energy

l-power to change]
+ kinetic energy

In Eqs. 4, 5, and 6, Nand t are the only variables.

P lots of the speed decay vs time were made for
various initial kinetic energy-to-power ratios, as

shown on Fig. 1.3.1. The curves shown are
theoretically valid for any type of pump, fluid
system, or device, so long as the system power
con sumption is proporti onal to the cu be of the
mass-velocity involved. The initial kinetic energy­
to-power ratio must be determined with the kinetic

Ian assignment from Bendix Products Div; sion.
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detai I for two shut­
initial steady-state

system kinetic-energy driving force has dropped
to less than 10% of the original value.

The operating decay characteri sties were sub­
stantially the some for both sets of conditions,
and therefore only the test data for the shutdown
from a shaft speed of 3506 rpm were fu lIy reduced
to completed plots, as shown in Figs. 1.3.2 and
1.3.3. The pressure characteristic curve shown
on Fig. 1.3.2 was obtained by using the premise
that pressure varies as the square of the speed
and the flow rate. With other conditions constant,
the flow rate is considered to be proportional to
the pump-shaft speed, as previously indicated.

The analytical expressions for the two test
conditions would be identical if the initial kinetic
energy-to-power ratios were the same. The power
ratio for the two conditions is 119.3/68.8 = 1.735,
and the experimental data indicated that the decay
characteristics for the two sets of conditions were
identical; therefore, the kinetic energy ratio must
be nearly the same as the power ratio. An investi­
gation of the rotating kinetic energy ratio for the
two conditions revealed that

energy expressed in power-time units (such as
horsepower-seconds, watt-hours, etc.) to give a
term having the same units of time as those
applied to the abscissa of the curve (seconds,
hours, etc.).

The data were analyzed in
downs from the following
operati ng condition s:

Condition Run 1 Run 2

Shaft speed, rpm 3506 2678

Fluid flow, gpm 1220 1216

Di scharge head, ft 394 212

Power supplied, hp 119.3 68.8

Partial checks of data from several other tests
indicated almost identical results for the con­
ditions involved. All the analyzed test data
closely matched the computed decay characteri sti c
shown on Fig. 1.3.1 for an initial kinetic energy­

to-power ratio of 2, that is, KEo/HPo = 2, and
speed decay down to about 30%. Below the 30%
speed-decay region, the system mechanical friction
becomes increasingly more significant, since the

2

= (3506.)
2678

1.715 .
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Fig. 1.3.2. Flow Rate and Pressure Decay in NaK Circuit After Loss of Power to the Centrifugal Pump.

Thus it can be seen that the rotating kinetic
en ergy-to-power ratios were about the same for
the two test conditions.

The fluid kinetic energy cannot be included in
the analytical expressions, since the flow was
substantially constant. In view of this, it would
seem that the flow inertia is negligible, as com­
pared with the rotating inertia, in its contribution
to the system kinetic energy. If the foregoing
deductions are considered to be the case, the
major contributors to continuing system operation
after a power loss are the rotating elements of
the pump and the electric drive motor. This also
means that the only appreciable contribution to
any extended continuing fluid circulation during
the decay period is received from the stored
kinetic energy in the mechanically rotating parts,
and that the pump is sti II the driving force and
is inducing fluid displacement in a manner sub­
s tantia lIy the same as during the prev ious steady­
state operation.

Since the fluid flow is dependent upon the pump
driving force, fluid travel around the circulating
loop should be substantially proportional to the
pump angular displacement. The information pre­
sented on Fig. 1.3.3 was determined by applying

18

this' principle to the test data described above in
combination with the computed volumes of seg­
ments of the ART primary NaK heat-dump circuit.
The volumes used in the preparation of Fig. 1.3.3
were those designated circuit 1 in Table 1.3.1.

LIQUID-META L-LEVE L TRANSD UCERS

G. H. Burger A. M. Leppert
R. E. Pidgeon, Jr. 2

Tests of the commercial resistance-type liquid­
metal-level transducers described previously3 were
concluded. Operation of the NaK level test
facility was continued until February 21, at which
time only one of the four transducers originally
installed in the test faci lity remained in operating
condition. The performance of the transducer that
remained in operation was excellent for a period
of 3732 hr, during which time the NaK level of
the system was cycled 65,000 times. The four
tran sdu cers were removed from the test faci Iity
for examination, and the unit that remained in

20n loan from Radio Corp. of America.

3R• E. Pidgeon, Jr., and G. H. Burger, ANP Quar.
Prog. Rep. Dec. 31. 1956, ORNL-2221, p 20.
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Table 1.3.1. Valumes of NaK in Various Segments of the Faur NaK Circuits of the Art Primary Heat Dump System

NaK Volume (ft3)

Segment
Circuit 1 Circuit 2 Circuit 3 Circuit 4

Total for the

Four Circuits*

Radiator to pump 1.411 1.411 1.411 1.411

Pump (circulating) 0.26 0.26 0.26 0.26

External cold pipe 1.787 1.546 1.305 1.064

Internal cold pipe 0.762 0.646 0.656 0.735

Branches (to header pipe) 0.123 0.123 0.123 0.123

North headers and connecting pipe 0.242 0.242 0.242 0.242

Total 4.585 4.228 3.997 3.835

Heat exchanger 0.722 0.722 0.722 0.722

South header and connecting pipe 0.171 0.171 0.171 0.171

Branches (header pipe to common line) 0.123 0.123 0.123 0.123

Internal hot pipe 0.646 0.838 0.694 0.687

External hot pipe 1.463 1. 188 1.478 1. 134

Pipe (2 in.) to elevation 834 ft, 8 in. 0.654 0.561 0.748 0.631

Hot pipe to radiator tubes 1.392 1.392 1.392 1.392---
Total 4.449 4.273 4.606 4.138

Radiator 0.476 0.476 0.476 0.476---
Total Circulating Volume 10.232 9.699 9.801 9.171

16.645

2.888

17.466

1.904

38.903

-0

*Circuits 1, 2, 3, and 4 are referred to on 7503 Facility heat-dump piping drawings as loops B1, A2, A1, and B2,

respectively.

operation for 3732 hr is shown in Fi g. 1.3.4a.
One of the three units which failed soon after the
start of the test is shown in Fig. 1.3.4b. The
failure of the unit was caused by NaK seepage
into the insulation through the crack visible near
the bottom of the U-bend, and the other two
unsatisfactory units failed in a similar manner.
The reaction of the NaK with the insulation caused
the visible deformation.

The NaK-level test facility IS being modified
to provide faci lities for testing ORNL-designed
and -fabricated resi stance-type level transducers.
These level transducers are to be clamped into

20

place in the surge tanks (instead of welded) to
facilitate installation and removal.

Fabrication of six ORNL-designed resistance­
type level transducers is under way. These
instruments wi II be simi lar to the commercial
transducers, but they wi II have better temperature
compensation, and improved weld design. A
further design modification was made to increase
the range of level determ ination; that is, wi th the
ORN L-designed instruments, it wi II be possible
to measure the level closer to the bottom of the
tank. Design of a similar resistance-type level
transducer for use in the ART sodium expansion
tank was completed.



(0)

UNCLASSIFIED
PHOTO 28289

"]'r'T .~\
(), ~ ~ 'J ,

"'u-\

( b)

PERIOD ENDING MARCH 31,1957

UNCLASSIFIED
PHOTO 28288

~T'r~ Ir...... ··"'TT-,---....,....,.....r......-~'~T-"I
o I ~.. •

"'[-->-1E~

Fig. 1.3.4. Resistance-Type Liquid-Metal-Level Transducers After Operation for 3732 hr In a NaK-Level Test

Facility. (al Unit that remained in operating condition throughout the test. (bl Unit that operated only 24 hr, but

remained in the test facility exposed to NaK for 3732 hr.

ON-OF F L EVE L PROBES

G. H. Burger A. M. Leppert
R. E. Pidgeon, Jr.

Eight of the resistance-type on-off level probes
described previously4 were constructed and in­
stalled in the surge tanks used in the fluid-flow­
measuring system In the facility for testing

4A• M. Leppert, ANP Quar. Prog. Rep. Dec. 31. 1956,
ORNL·2221. p 29.

magnetic flowmeters in NaK. These all-welded
probes are being tested as a replacement for
conventional spark-plug probes, which are not
su itabl e for pressuri zed sy stems and temperatures
above 450°F. The surge-tank level control system
that incorporates these on-off probes was in
operation on the test loop for about 2 days, but
an apparent failure of the gas-pressure control
system allowed helium to be forced into the NaK
system. Some changes are being made in the

21
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on-off probe and its control circuit to give better
control and a better safety margin in operation.

The on-off level probe being tested consists of
a lle-in.-dia copper wire contained in and insulated
from a ~-in.-OD, 0.025-in.-wall Inconel tube at
all points, except the bottom, where it is welded.
A current of 8 to 10 amp, 60 cps, is suppl ied to
the probe. A relay across the probe is energized
when the NaK level is below the probe and de­
energized when NaK touches the probe. A simi lar
on-off probe with an Inconel center wire and a
bridge amplifier for the control circuit is being
studied. The probe would consi st of a 3~ 6-in.-dia
Inconel wire insulated in a 5~ 6-in.-OD, 0.025-in.­
wall Inconel tube. The bridge circuit would be
balanced when the NaK touched the probe and
unbalanced when the NaK level was below the
probe. Since the temperature coefficient of resis­
tivity of Inconel is low, the zero shift resulting
from a temperature change wou Id not be so large as
in the present probe. A specification has been
prepared and submitted to manufacturers for a
packaged amplifier to be used in this bridge
circuit.

An especially fabricated spark plug with a
beryllium oxide insulator was tested in NaK as
an on-off level probe. The plug failed after 20 hr
of operation because of short circuiting of the
insulator. The plug was removed and reworked,
and it is to be retested when the NaK-level test
faci lity (referred to in previous section) is back
in operation.

Several special plugs with insulators high in
alumina and magnesium content were received from
the Champion Spark Plug Co. for testing and
evaluating. These plugs will also be tested in
the NaK-level test faci lity or other test rigs as
soon as possible.

The usefulness of the conventional type of spark
plug as a reliable on-off probe is very doubtful

at th is ti me. The plug life is very short when the
probe is operated at temperatures above 450 to
SOooF, and there is always the danger of gas
leakage through the insulator. This leakage
problem could be very serious if the plug were
used with radioactive fluids, and it would ~e

necessary to completely can or seal the plug.
Therefore the use of the spark plug as a reactor
type of level element is not recommended, and
the development and testing of the resistance type
of on-off probe is continuing. It is expected that

22

this unit wi II replace the spark plug except in
systems which can be operated safely and reliably
within the spark-plug limitations, or in systems
in which the process fluid electrical conductivity
is too low for use with the resistive type of on-off
level probe.

F UEL-EXPANSION-TANK LEVEL INDICATOR

R. F. Hyland

Dynamic.Leve I Tests

Four hel ium-bu bbler-type fuel-level indi cators
completed 1000-hr tests at 1500°F in the dynamic­
level test rig, described previously,5 without
plugging of the bubbler tubes. Two of the bubblers
were fabricated of ~-in.-OD, 0.065-in.-wa II Inconel
tubing, and the other two were ~-in.-OD, 0.035­
in.-wall Inconel tubing. The helium used for these
tests was passed through a Drierite filter and
through copper turnings maintained at lOOO°F in
order to getter the oxygen and remove the moisture.

After comp letion of these tests, the faci I ity wa s
modified in an attempt to obtain a better series
of level calibrations. The modifications included
a means for accurately varying the fuel level
continuously in the two vessels by using gas
pressure; a new bubbler design with a shallow V
in the bottom of the tu be wa s used; and the
bubblers were positioned within 0.010 in. of the
correct level while the vessel was at the operating
temperature. An improved type of variable cali­
brating probe was designed, installed, and cali­
brated at the operating temperature. Also, the fuel
was thoroughly mixed prior to calibration to
preclude density errors due to thermal gradients.
As a result of these modifications, the first
accurate, reproducible series of static level cali­
brations was obtained. The maximum level error
was 0.08 in. in 5 in., or 1.6%. The results were
reproducible within 1.5%.

A dynamic-level test scheduled to operate for
3000 hr at 15000 F has completed 750 hr without
bubbler plugging. Prior to startup, however, with
the bubblers operating in static fuel at 11S00 F,
all four bubblers plugged in a period of 24 hr, for
reason s unknown . Two bubblers were removed and
the contents sent for analysis. The other two
were unplugged by raising the fluid temperature

5R• F. Hylond, ANP Qua•. Prog. Rep. Dec. 31. 1956.
ORNL·2221, p 29.



to 1500°F. The bubbler plugging problem has
become so serious that a separate series of tests,
described below, is to be made to determine the
cause.

Static-Level Tests

The average I ife of a helium-bubbler type of
level indicator has been found to be about 1100 hr
in a static-level system in which a NaK scrubber
is used to reduce the moisture content of the
helium and in which copper turnings maintained
at 10000 F are used to reduce the oxygen content.
Since the average life falls far short of the 3000-hr
I ife specified, attempts are being made to de­
termine the cause of plugging of the bubbler tubes.
Although the techniques for analyzing fuel mixtures
for oxygen compounds are not preci se, it is thought
that the material which plugs the bubbler tubes
is Zr0 2 • Therefore a special batch of oxyfluoride­
free fuel will be used in the next series of tests.

It has been suggested that a cold trap be used
in place of the NaK scrubbers for removing
moisture from the helium, since NaK entrainment
might contribute to the plugging. Methods for
checking the oxygen content of the hel ium and
for reducing the oxygen content are being studied.
Further, the vessels used for future tests are to
be hydrogen fi red.

These recommendations are to be incorporated
into a simple series of bubbler tests in static
fuel, without level instrumentation, and the ad­
ditional precautions descri bed below wi II be taken.

1. An a II-s i Iver-so Idered spectrometer-leak-tight
system, with bellows valves, wi II be employed.

2. The system wi" be flushed thoroughly by

alternately pressurizing with helium and evacu­
ating.

3. The dewpoint and oxygen content of the
supply helium will be continuously monitored.

4. The purge helium will be preheated to the
temperature of the fuel.

As a further check on the role of oxygen impurity
in the helium as a cause of plugging, one test
series wi II be run with hel ium of known oxygen
content, as furnished in commercial gas, and
another test series wi II be run with hel ium passed
over uranium turnings held at 6000C to reduce the
oxygen content to as Iowa value as possible.

PERIOD ENDING MARCH 31,1957

PRESSURE TRANSMITTERS FOR USE AT HIGH

TEMPERATURES

W. R. Mi lIer

Evaluation tests of commercial transmitters for
use at high temperatures were continued. Two of
the six units mentioned previously6 that employ
differential transformers were tested. The first
unit tested was not satisfactory in that the over-all
accuracy was only 3.3% full scale at 1200°F. The
other unit was somewhat better, with an over-all
accuracy of 2.1% full scale at 1200°F. The
differential-transformer method of detection has
proved to be unusually difficult to use in that the
field of the Calrod heaters used to maintain the
operating temperature has an effect on the output
readings. The use of magnetic shielding is
helpful but does not relieve the situation com­
pletely. At present two more units of the type
shown in Fig. 1.3.5 are undergoing tests.

The unit mentioned previously6 that employs a
variable-permeance type of pressure transducer
was tested, but no data were obtained. Lack of
suitable aligning guides allowed the core of the
transducer to rub the coil housing. This unit
(Fig. 1.3.6), which was on consignment, has been
returned to the manufacturer.

Redesigned models of the four-legged strain­
gage type of transmitters (Fig. 1.3.7) were also
tested. Armor was added to protect the capi lIary,
and a shock-mounted sub.base was added within
the _ase for vibration isolation. The redesigned
case eliminates zero shift when the cover is
tightened. 13ecause of a poorly designed shipping
clamp the strain gages were damaged during
shipment, and therefore the test results for these
models were not up to the standard set by the
resu Its obtained with the original six prototype
models. The shipping clamp has now been
modified by the manufacturer.

The next lot of four-legged strain-gage trans­
mitters will feature a sensor housing with improved
stress characteristics for use with more corrosive
process fluids. The details of this design change
have been satisfactorily resolved with the manu­
facturer.

6W• R. Miller, ANP Quar. Prog. Rep. Dec. 31, 1956.
ORNL·2221, p 30.
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A second set of pneumatic-output transmitters
completed a successful 3000-hr Iife test in a
NaK-filled test loop. These units are presently
being examined metallurgically for weld defects
and corrosion.

MAGNETIC FLOWMETERS

G. H. Burger C. L. Pearce 7

Six of the 31~_in. magnetic f10wmeters purchased
for the ETU and the ART were installed in the
flowmeter test loop filled with NaK for calibration
against a water-calibrated (0.25% accurate) venturi.
As stated previously8 the units will be calibrated
over the widest temperature and flow-rate ranges
possible with the test loop. These ranges will
cover, in general, the design ranges of the ETU
and the ART.

Operation of the loop began on February 12,
1957, and it had operated a total of 40 hr when it
became necessary to drain the NaK for repairs
and modifications of the loop. During the 40·hr
operating period, fluid flow rates of up to 1600 gpm
and fluid temperatures of up to 1350°F were
achieved.

The data obtained with the magnetic f1owmeters,
while not at all conclusive because of the short
operating time, did give general indications of
the operating characteristics to be expected. It
appears that at least four of the si x f10wmeters
now installed in the loop will be acceptable for
the ETU if the accuracy specifications are met
in subsequent tests.

Six of the ART-ETU 2·in. magnetic f10wmeters
are being installed in another test loop for cali­
bration against a water-ealibrated (0.25% accurate)
venturi. Operation of this loop will probably start
in May 1957.

The \-in. magnetic flowmeters designed for plug

indicator and cold-trap flow rate measurements
are being fabricated. Several of the units will
be tested for temperature effects on the magnets.
These units wi II not be calibrated because the
accuracy requ irement is ± 15%.

Fig. 1.3.5. Callery Chemical Co. Pressure Trans·

ducer.
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70n loon from Radio Corp. of America.

8 G• H. Burger. and C. L. Pearce. ANP QUliT. PTOg.
Rep. Dec. 31. 1956. ORNL·2221. p 23.
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Fig. 1.3.7. Toylor Instrument Companies Pressure Transducer.
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REMOTELY ADJUSTABLE PRESSURE

REGULATORS

W. R. Miller

Two prototype models of remotely adjustable
pressure regulators were tested. These units were
from different manufacturers but were quite simi lar
in operation. A remotely adjusted direct current
is passed through a voice-coi I type of transducer
to position the pilot operator of a pneumatic relay
system. The resulting output pressure is directly
proportional to the magnitude of the current in the
transducer coi I. Tests performed thus far showed
these units to be stable under line-voltage, supply­
pressure, and normal ambient-temperature vari­
ations. Tests will soon be initiated in which
these units wi II be subjected to extreme ambient
conditions in a 3000-hr Iife test.

Prior to installation in the loop the unit had been

tested and calibrated at a high flow rate in a loop
containing water. The unit performed satisfactorily
during the ca Iibration tests. The ca Iibration data
are shown in Fig. 1.3.8. The only unusual
operating characteristic was nated at a flow rate

of 600 gpm, at whi ch point the turbine II chattered";
at flow rates other than this no unusual chatter
or vibration was noted. The total test time with
water was approximately 6 to 8 hr, and flow rates
of up to 1100 gpm were recorded. It was felt on
the basi s of the resul ts of the water tests that
the unit was satisfactory for calibration under
operating conditions in a NaK system and that
any possible failure of the unit could not damage
the test loop.

Fig. 1.3.8. Waler-ealibration Dolo for a 3~-in.

Turbine Flowmeter.

Operation of the loop was started on February 12,
1957 and the turbine flowmeter operated as
expe~ted for approximately 12 min. The loop flow
was started at 420 gpm and was rapidly increased
to 1220 gpm, as indicated by the turbine flowmeter.
At some point between the flow rates of 970 and
1220 gpm, however, the unit failed in some manner.
At the approximate time of fai lure and possibly
during all or part of the operating time, the loop
operators could hear chattering of the unit. The
temperature of the circulating NaK at the time of
failure was 155°F. The loop continued to operate
after the turbine fai lure and eventually reached
a flow rate of 1680 gpm and a maximum fluid
temperature of 1350°F, which was held for only
a short time and then lowered. The loop operated
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TURBINE FLOWMETERS FOR USE AT HIGH

TEMPERATURES

G. H. Burger

The l-in. turbine flowmeter, designated unit No.
2-Rev. 3, described previously,9 was installed in
a forced-circulation gas-fired Inconel loop con­

taining NaF-ZrF4-UF 4 (50-46-4 mole %, fuel 30)
for cal ibration against an orifice by using Tay lor
transducers as pressure sensors and for an en­
durance test of 3000 hr. Operation of the loop
was started on January 8, 1957, and the turbine
operated satisfactorily for approximately 340 hr.
It was then noted that the turbine output frequency
was considerably different from what it should
have been based upon the orifice-measured flow
rate, and an investigation showed that the unit
was not operating. An x-ray examination of the
unit showed, as far as could be determined, that
the unit was not broken. It was therefore believed
that, sin ce the un it had been operated in NaK
systems three times previously, the bearing had
been oxidized to some extent and that operation
in the salt mixture caused it to bind after a short
operating time. The unit will be removed when
the loop is drained and examined in order to
determine the cause of failure.

A 3~-in. turbine flowmeter was install,ed in a
forced-circulation loop filled with NaK In order
to test the unit under actual operating conditions.
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a total time of approximately 40 hr before pump
surges necessitated shutdown. The surges may
have resulted from ingassing brought about by
improper operation of the surge tank level system'
while measuring venturi pressures.

On February 14, 1957, before di sassembly of
the loop, a radiograph was made of the turbine
flowmeter which showed that the bearings were
broken and that a number of blades were missing.
On February 18 the flowmeter was removed from
the loop, and the indications of the radiograph
were confirmed, as shown in Fig. 1.3.9. Eight
of the ten blades were mi s sing; the two rema in ing
blades were bent opposite to the direction of
rotation; and both bearing shafts were broken.
The main throttling valve was removed from the
system, and six of the blades were found therein.
A seventh blade was found under the valve housing
in the drain line. The eighth blade has not yet

PERIOD ENDING MARCH 31, 1957

been found, but the search is continuing; the
piping is to be x-rayed, flushed, and swabbed.
The turbine has been disassembled and wi II be
carefu Ily examined in an effort to determine the
cause offai lure.

ART THE'RMOCOUPLES

J. T. Delorenzo

Inconel-sheathed thermocouples with closure
welds made by the Heliarc welding process are
being tested. Nineteen closure welds on sheathed
Chromel-alumel thermocouples that had previously
passed x-ray and dye-penetrant inspections were

exposed for 2100 hr at 15000F in sodium, and there
were no evidences of leaks. Thirteen similar
specimens are now being exposed to NaF-ZrF

4
­

UF 4 (50-46-4 mole %, fuel 30) at 1500°F. The
cI osure welds on three platinum-platinum-l0%
rhodium thermocouples are also being tested in

UNCLASSIFIED
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INCHES

Fig. 1.3.9. Damaged 3~.in. Turbine Flowmeter as Compared with a Similar Undamaged Unit.
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~ Table 1.3.2. Results af Drift Tests af Sheathed and Beaded Chromel.Alumel Thermocouples in Air

at 1300, 1600, and 18000 F for Various Times

Sheathed Assembl iesa Special Beaded Assembliesb Norma I Beaded As sem bl ies c Sheathed Assembliesd

Test Period

(hr) Deviatione Spread! Deviatiane Sprea&! Deviatione Spread! Deviatione Sprea&!

eF) (OF) (OF) (oF) (OF) (0 F) (OF) (oF)

Test Temperature: 13000 F

0 5.0 3.3 -7.0 2. 1 -5.3 1.1

1000 5.5 3.7 -4.0 3.1 -4.4 2.2

2000 5.3 2.4 -3.8 3.5 -4.1 6.5

2500 9.3 2.2 -0.3 3.0 -0.5 4.0

Test Temperature: 1600° F

0 3.8 2.8 6.0 2.0 -7.1 3.5 4.7 4.3

1000 6.4 2.6 3.9 2.5 -2.2 6.1 5.6 3.1

2000 7.0 2.7 6.2 5.5 -0.7 10.7

2500 9.1 3.3 9.4 5.3 -0.8 12.0

Test Temperature: 18000 F

0 1.0 2.6 -7.5 4.3 1.3 2.1 5.5 4.2

1000 7.7 15.1 15.2 19.2 8.7 14.3 10.2 10.5

2000 8.0 16.2 26.2 9.5 11.7 19.2

2500 11.5 20.3 31.4 20.3 19.8 31.0

a Six assemblies were tested and each ossembly contained two thermocouples aged 24 hr at 13500 F in helium prior to testing.

bSix assemblies were tested and each assembly contained two thermocouples fabricated with especially cleaned wire (accuracy, ±31a of 1% over range

530 to 23000 F) in carefully cleaned wells.

c Same as special assemblies exc~pt that they received no special cleaning.

d Same as assemblies described in footnote a except that they were aged far 200 hr at 13500 F in helium.

eDeviation of the average of the readings of the twelve thermocouples tested from the standard test temperature of 1300, 1600, or 1800o F.

I Maximum spread of the twelve readings obtained.
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.. fuel 30. To date, the Heliarc welding process has
yielded 30 to 50% acceptable welds.

Bend tests have been made in order to determi ne
the effect of bending the sheath on the output of
the thermocouple. Single U-bends on a %-in.
radius had very little effect, even when the bent
a rea wa s exposed to a temperature grad ient of
100 to 150°F per inch. The inaccuracies induced
were less than 0.5° F. The repeated bending of
a single specimen appeared to cause a 2 to 3°F
shift, but this change wi" be rechecked with
several more test specimens.

The fabrication of the sheath weld similarly was

found to have little effect on the accuracy of the
thermocouple wire. All deviations measured were
Iess than 0.5° F.

The drift of the data obtained with sheathed and
beaded Chromel-alumel thermocouples operating in
air as a function of time and temperature is being
studied. The results of tests at 1300, 1600, and
1800°F are presented in Table 1.3.2. Data

PERIOD ENDING MARCH 37,1957

obtained in the closure tests in static sodium,
described above, showed less than 3 or 4°F drift
of sheathed Chromel-alumel thermocouples at
1500°F in 2100 hr.

A program is being prepared for the Oracle to
faci litate processing drift data. The emf vs
temperature curves for Chromel-alumel and plat­
inum-platinum-rhodium thermocouples have been
tabulated on the Oracle magnetic tape memory, and
a workable program has been outlined in prepa­
ration for actual computations with the raw data.
The system will be checked with previously
processed data before new data are used.

Furnaces in whi ch the heating coi Is can be
moved at a uniform rate were designed and fabri­
cated for testing the uniformity of thermocouple
wire. Two furnaces are now avai lable which
give either symmetrical or asymmetrical gradient
patterns. The maximum gradients that can be
obtained wi th the two furnaces are 300 and 700° F
per inch, respectively.
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1.4. COMPONENT DEVELOPMENT AND TESTING

H. W. Savage

PUMP DEVELOPMENT TESTS

Bearing and Seal Tests

10n assignment from Pratt & Whitney Aircraft.

2Consultant from the University of Tennessee.

3W• L. Snapp and W. K. Stair, ANP Quar. Prog. Rep.
Dec. 31. 1956, ORNL·2221, p 32.

The dynamic tests of lubricants under irradiation
that were to be run in the L1TR3 are, rather, to be
run in a gamma-irradiation facility in the MTR
canal. With the MTR facility it will be possible to
use a slightly modified full-scale pump rotary
assembly and to examine the unit for damage
immediately upon removal from the gamma-irradi­
ation field. The present schedule call s for test
operations to begi n next quarter.

The final selection of a lubricant-coolant for
the reactor pumps wi II be based on the results of
the gamma-irradiation tests in the MTR. Since both
organic liquids and highly refined paraffin-base
mineral oils are being considered at this time, all
parts of the pumps and the external lubricant­
pumping system are designed to be compatible
with either liquid. For example, copper is incom­
patible with organic liquids, and therefore copper
parts in the seals and journal bearings are being
replaced. All-stainless-steel bellows-seal test
assemblies were ordered and will be incorporated
into the MTR test units. Journal bearings fabri­
cated from Alcoa alloy 750-T5 were selected to
replace the original bronze bearings. The small
percentage of copper (0.7 to 1.3%) in thi s alloy is
probably insignificant with respect to the organic
liquids of interest, but a sample of the alloy will
be tested in UCON LB-140-X, an organic liquid,
before the MTR test is made. There are no copper
parts in the external lubricant-pumping system.

Two 1000-hr tests were conducted to determine
the suitability of the aluminum alloy, Alcoa 750-T5,
for this particular bearing application in which
the effective journal bearing area is 2.4 in. 2•

Gulfcrest 34 was used as the lubricant in both
tests. The test conditions are given in Table 1.4.1.

•

527

214

407

4400

1148

170-190

621

287

166

1074

3400

180-200

Test 750-1 Test 750-2

300lb

450lb

600lb

Test temperature, OF

Continuous operating

period, hr

Operating period, hr, at

specified journol bearing

loads:

Shaft speed, rpm

Neither test gave any evidence of bearing mal­
function, and both the bearings were equally as
good as bronze bearings tested under similar
conditions. Aluminum alloy bearings have been
placed in rotary elements for use in various other
tests, and if satisfactory service is obtained the
aluminum alloy will be used for all reactor pump
journal bearings.

Table 1.4.1. Conditions of Test of Suitability

of Alcoa Allay 750·TS for Pump Bearing Application

Continued tests of the modified Durametallic
seals 3 being developed for use as seals in NaK
pumps hove produced further encouraging results.
More than 5000 hr of operating time was logged for
such seal s, including 2500 hr in a rotary element
pumping NaK at 1400°F and 2500 hr in a me­
chanical shakedown stand with the seals subjected
to a wide range of differential pressures from
20 psig, which simulates a vacuum filling operation,
to 275 psig, which is more than a maximum
catastrophe pressure, and to rubbing speeds from
o to 60 fps.

It was found that for the very high differential
pressures, above 200 psig, a slight design modifi­
cation wi II be necessary to prevent relative motion
between the positioning collar for the lower seal
and the shaft. On the basis of these good test
results, the Durametallic seals have been specified
for use in the ART NaK pumps.

W. K. Stair 2

A. G. Grindell

W. L. Snapp 1

E. R. Dytko 1
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Tests have shown the buna-N·base O-rings
recommended by outside vendors for use with
UCON LB-140-X lubricant to be quite satisfactory.
Si mi lar tests showed the buna-N-base {)-ri ngs to
be satisfactory for use with Gulfcrest 34 lubricant,
and therefore this elastomeric seal can be used
for the reactor pump s if ei ther of the se Iubri cants
is acceptable. If, however, the MTR tests prove
these Iubri cants to be unsati sfactory, the seal
material may again become a problem. For the
NaK pumps, similar commercially available
elastomer seals will be satisfactory, since Gulf­
crest 34 wi II be the lubricant used.

Fuel Pump Development Water Tests

J. J. W. Simon 4

The development tests with water of an accept·
able impeller confi guration 5 (desi gnated model 32)
for the ART fuel pump were completed with the

40 n. assignment from Pratt & Whitney Aircraft.

SM. E. Lockey, G. Samuel s, and J. J. W. Simon, ANP
QuaT. PTOg. Rep. Dec. 31, 1956, ORNL-2221, p 33.
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tests described below. Performance tests were
run for liquid levels of ~ to 3 in. in the expansion
tank to encompass the Ievel changes expected
duri ng the change from zero power to full power
operation of the ART. In general, operation is not
affected by a liquid-level change when the liquid
level is 2 in. or more above the floor of the
expansion tank. Below this level the fluid head
showed a slight decrease, the expansion-tank
flow rates decreased, the power required to drive
the pump decreased slightly, and the flow rate in
the main loop decreased slightly as the liquid level
neared ~ in.

The effects of decreasing the liquid level in the
system on the flow rate, head, and pumping power
are shown in Figs. 1.4.1, 1.4.2, and 1.4.3, re­
spectively. It may be noted that the flow rate,
head, and pumping power remained fairly constant
down to the %-in. level in the expansion tank.
Below that level, definite decreases in flow rate,
head, and pumping power occur, and, also, although
not shown on the fi gures, fl uctuations of all three
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variables occurred when the level was changed
from ~ to 0 in. The fluctuations remained, but at
a negligible level, in the next part of the continued
loop draining period, during which the quantity of
fluid removed was increased from 8 to 11.5 liters.
With more than 8 liters of fluid removed, the liquid
level in the system was below the expansion-tank

floor. The loop ingassed continuously, and the
ingassing was accompanied by large and rapid
declines in flow rate, head, and pumping power
after more fluid was removed. Further draining
produced power fluctuations which indicated that
s lugs of Ii qu id and gas were surging through the
system.

Tests for determining degassing times were also
conducted with the liquid level in the expansion
tank at 3 in. and the pump operating at a speed of
2700 rpm. It was found that degassing of an
injected air sample was complete in less than
1 min. The degassing time increased to about
10 min as the operating speed was reduced to
about one-half of design speed (2700 rpm), as
shown in Fig. 1.4.4, line A. The degassing time
decreased with increased main loop flow rates,
as shown in Fig. 1.4.5, and the increased main
loop flow rates also increased the expansion tank

bypass flow rates for the same operating speed.
At the present design point of about 2700 rpm and
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pressure-measuring devices in that the zero position
shifts from day to day, and in order to obtain
reliable pressure data it is necessary to calibrate
these instruments before each test run by pressur­
rzing the loop with hel ium to as high as 100 psig.

The off-gas ri ser connecting the pump pot to the
ZrF 4-vapor trap has been replaced twice during
the course of operation. The first time the riser
had to be replaced because a ZrF 4 plug formed
when the fuel and metal temperatures were
inadvertently allowed to reach 1500°F. The
temperature that was being maintained on the
ri ser Iine and the vapor trap was low enough in
comparison with the fuel temperature to cause
ZrF 4 to deposit and plug the riser. The line
was replaced without terminating the test. The
off-gas riser had to be replaced a second time
when a leak developed. This time the test oper­
ation had to be shut down. Partial plugs of ZrF 4
have also occurred in the gas passage through the
pump barrel, possibly as the result of reverse flow
or back diffusion of gas through the pump barrel.
Performance and cavitation data are being ob­
tained, and endurance tests are planned.

Fig. 1.4.5. Effect of Loop Flow Rate on Degassing

Time for an ART Fuel Pump (Model 32 Impeller) with

the Liquid Level 3 in. Above the Floor of the Expansion

Tank. (Secret with caption)

645 gpm, little, if any, increase in degassing time
occurs wi th an increase in the expansion tank
flow rate.

Fuel Pump High-Temperature Performance Tests

H. C. Young 6 P. G. Smith

Test operation of an ART fuel pump with a
model 32 impeller and NaF-ZrF 4- UF 4 (50-46-4
mole %, fuel 30) as the circulated fluid was started
in December 1956. At the operating conditions of
645 gpm, 2700 rpm, and a fuel temperature of
12000 F, the head is 1 to 2 ft lower than that
obtained for water with the same impeller, volute,
and loop. Investigations are under way in order
to determine the reason for the discrepancy between
the water and fuel performance data. Considerable
difficulty has been experienced with the Moore

60n assignment from Pratt & Whitney Aircroft.
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Fuel Pump Endurance Tests

P. G. Smith

The ART fuel pump being tested for endurance
was shut down on November 29, 1956, with a total
of 2587 hr of operating time and 120 thermal cycles
over the temperature range of 1400 to 11000 F.
The fluid circulated during these tests was
NaF-ZrF 4-UF 4 (50-46-4 male %, fuel 30).

Examination of the pump impeller after this test
revealed that it was in good condition, and it
showed only very slight damage, if any, as a result
of high-temperature operation. Exam ination of
other parts showed that the upper metal G-ring seal
allowed fuel to leak into the annular space between
the pump barrel and the thermal barrier can. This
caused the formation of a ZrF 4 plug in the riser
connecting the pump pot to the vapor trap, which,
in turn, caused the sluggish and erratic off-gas
flow noted during operation.

There was no evidence of lube oil leakage from
the pump seals during the tests, but upon disas­
sembly the lower seal was found to be worn to
such an extent that it should have permi tted a
small amount of leakage. There was evidence of
this leakage inside the thermal barrier can, which
was not filled with barrier material for this test



and which contained a small amount of carbon
deposit.

The pump was cleaned and reassembled with
new seals and placed back in operation for further
testing. It has accumulated a total of 550 hr more

of continuous operation and 35 thermal cycles
over the temperature range of 1400 to 11000 F.
The lube oil leakage rates are 5 cm 3/day from
the lower seal and zero from the upper seal.

There had been no trouble with the hydraulic
drive for the past 1240 hr of pump operation. Th is
may be attr ibuted to a back pre ssure of 100 to
120 psig being maintained on the discharge side
of the motor, as recommended by the manufacturer,
to ensure that the piston shoes are seated on the
wobble plate at all times.

Sodium Pump Development Water Tests

J. J. W. Simon

The hydraulic problems to be solved in the ART
sodium pump are not yet fully delineated. An
initial appraisal and the results of development
work to date indicate similarities between this
pump and the fuel pump, for which five major points
were investigated,7 namely, system pressure
fluctuations, gas pressure gradient down the shaft
annulus in the direction of purge gas flow, flow
through the centrifuge before ingassing occurs,
pressure levels based on ART stress limitations,
and cavitation. In considering each of these
problems in relation to the sodium pump, it is
apparent that, based on tests made to date, the
pressure fluctuations are small, the flow required
into the expansion tank is small enough (5 gpm
maximum, per pump) not to cause ingassing through
the centrifuge, and the ART stress limitations do
not impose stringent requirements on the pressure
levels. The sodium pump will require a decreasing
gas-pressure gradient in the direction of gas flow
from the oi I catch basin down the shaft annulus
into the expansion tank (Fig. 1.4.6). Cavitation
data have not yet been obtained, and an investi­
gation must be made of the loop ingassing which
has occurred at throttled flow rates.

A new pump barrel was designed and is being
fabricated that more closely mocks up the ART
sodium pump barrel and the expansion tank configu­
ation. The differences between the present CO[l­

figuration and the new pump barrel, which mocks

7J • J. W. Simon, M. E. Lackey, and G. Samuels, ANP
Quar. Prog. Rep. Sept. 10, 1956, ORNL-2157, p 40.
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up the reactor system, are shown in Fig. 1.4.7.
The volute in the new configuration is now fully
instrumented for measuring the radial unbalance
force at the centri fuge di scharge area. AI so, the
effect on pump performan ce of fl u id Ieak age be­
tween the heat exchanger inlet and the volute can
be determi ned.

The tests to date have been hampered by
ingassing of the system, which becomes more
pronounced when the flow rate in the main loop is
reduced. Several runs were made to obtain
performance data, however, and data obtained in a
low-speed run correlated reasonably well with
data obtained in the earlier development tests. 8

The data obtained in runs at speeds sufficiently
hi gh to bracket the design head are shown in
Fig. 1.4.8.

No work has been done, as yet, toward the
solution of the gas-pressure gradient problem.
At present the expansion tank operates at a pres­
sure level greater than that in the rotary element
oil catch basin. A modified degassing disk will be
tested in the new pump barrel configuration.

Sodium Pump Barrel Seal Tes'

J. W. Cooke 9

Free movement between the sodium pump barrel
and volute will be required in the ART to allow
for radial movement to accommodate thermal ex­
pansion and axial misalignment resulting from
accumulative assembly tolerances. A seal must be
provided in thi s region to minimize leakage of
sodium between the heat exchanger inlet and the
pump centrifuge outlet regions. Two designs of
multiple-ring seals, Fig. 1.4.9, have been tested
with water.

The maximum leakage rate for seal design No.1
was 2.1 gpm at a pressure differential of 50 psi
and an axial spacing of 0.015 in. The maximum
leakage rate for seal design No.2 was 1 gpm at a
pressure differential of 80 psi and an axial spacing
of 0.0135 in. Both the pressure differential and
spacing at which these maximum leakage rates
occurred are more severe than the estimated ART
values. It is anticipated that the maximum leakage
rates given above will not seriously interfere

8H. Co Young and M. E. Lackey, ANP Quar. Prog.
Rep. March 10, 1956, ORNL·2061, p 45.

90n assignment from Pratt & Whitney Aircraft.
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Fig. 1.4.6. Schematic Diagram of Sodium Pump.
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1050 to 12500 F

8 psiPump pot pres sure

Pump pot temperature

temperature range of 1250 to 10500 F. The oper­

ating conditions for this test are given below:

Fig. 1.4.9. Partial Cross Section of Sodium Pump

Assembly Showing Proposed Multiple-Ring Seal.
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Fig. 1.4.8. Performance Data for Sodium Pump Ob­

tained in Development Tests with Water.

Pump speed

Catch basin hel ium off-gas purge

Helium purge down pump shaft

3500 rpm

50 Ii ters/ day

500 liters/day

centrifuge operation;

be tested in future

with normal sodium pump

however, this point will

operation.

Another seal design, which incorporates larger

radial clearances between the inner surface of the

small ring and the outer surface of the pump barrel,

will be tested with water. The purpose of this

design modification is to reduce the assembly

problems associated with the multiple-ring seal.

Sodium Pump Endurance Tests

P. G. Smith

A sodium pump is being operated in an endurance

test with sodium and has accumulated a total of

1584 hr of operation, during which the pump pot

has been thermally cycled 300 times over the

It was found that the pump priming difficulties,

which were reported previously, 10 could be

eliminated by stopping the pump when transferring

the sodium into the pump pot. Previously, the

transfers of sodium to the pump pot were made

with the pump rotating at 500 rpm, and anywhere

from 2 to 4 hr were requ ired to pri me the pump.

The off-gas line plugging, also reported previ­

ously,lO was found to be a result of too high a

liquid level in the pump pot. The pump probes

were found to be incorrectly sized.

The lube oil leakage rate varies from 5 to 20

cm 3/day from the lower seal, and there is no

measurable leakage from the upper seal. There is,

however, a slight amount of leakage of lube oil

lOp. G. Smith, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL-2221, p 39.
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Primary NaK Pump Development Tests

along lines of constant flow and then against flow
along Iines of constant speed. From the latter
plot, the static suction pressure required to
suppress cavitation over the normal pump operating
range was plotted, as shown in Fig. 1.4.12, for
two NaK temperatures, 1200 and 14000 F. The
vapor pressure of NaK increases by 5.33 psi from
1200 to 1400°F, and the constant spread between a
given constant speed line for each of the two
temperatures is very nearly 5.33 ps i. The gas
pressure on the pump surge tank is 0.5 psi less
than the static suction pressure and therefore can
be determined from Fig. 1.4.12.

In order to further show the effect of vapor
pressure on cavitation, data were token at a given
head and flow rate for NaK temperatures from
720°F, where the vapor pressure is essentially
zero, to 1400a F, where the vapor pressure is
approximately 7.5 psia. The results of these
tests in terms of the cavitation parameter, a, are
indicated by Fig. 1.4.13. If cavitation varied only
with vapor pressure at a given pump operating
point, it would be expected that a would remain
constant over the temperature range. As may be
seen In Fig. 1.4.13, there was essentially a
can stant a at temperatures from 1180 to 1400° F,
and a slightly higher but constant a at 720 and
914°F. It is believed that the results would
be more significant if speed and flow rate were
held constant instead of head and flow rate in
order to hold constant impeller inlet conditions,
and therefore additional cavitation data are to be
obtained.

This pump and its associated loop have now
been operated approximately 2100 hr at temper.
atures from 1100 to 1400°F. The rotary element
of the pump was removed and inspected after
1700 hr operation, and it was confirmed that, as
suspected, some NaK had entered the oil catch
basin when the NaK level rose in the pump tank
as the result of ingassing after approximately
800 hr of operation. The pump had, however,
continued to operate satisfactorily for the next
900 hr. A considerable amount of carbon from the
oil was deposited on the pump sllaft and on the
radiator baffles in the pump tank, and thus it was
apparent that the oil seal leakage had run down
thepump shaft, even though there was a 50-liter/day
helium purge from the oil catch basin and a
500·liter/day helium purge down the pump shaft
annulus and out the pump tank reflux condenser.

~
I

DESIGN RANGErr-

J. N. Simpson 11H. C. Young 11
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The results of cavitation runs at several speeds
and flow rates at a NaK temperature of 1200°F
are pre sented in Fig. 1.4.11. The cavitation
data had to be taken at different speeds for each
of several constant flow rates, 1000, 1220, and
1400 gpm, since it was not possible to maintain a
constant speed with the wound-rotor motor which
has a step-type resistance speed control. The
cavitation parameter, a, was plotted against speed

lIOn assignment from Pratt & Whitney Aircraft.

12H• C. Young and J. N. Simpson, ANP Quar. Prog.
Rep. Dec.'31, 1956, ORNL·2221, p 41.
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Fig. 1.4.10. Performance and Efficiency Curves for

Primary NoK Pump Operating at 1200oF.

somewhere in the upper seal region. This leakage
is not sufficient to be detri mental, and its source
cannot be located unti I the operation is stopped.

High-temperature testing of an ART primary
NaK pump,12 designated PK-P-l, was continued.
Performance and efficiency curves obtained at
a NaK temperature of 12000 F are presented in
Fig. 1.4.10. As stated previously the data being
obtained are in good agreement with data obtained
with water.
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13H• C. Young and M. E. Lackey, ANP Quar. Prog.
Rep. March 10, 1956, ORNL-2061, p 48.

Fig. 1.4.12. Minimum Static Suction Pressure Re-

quired to Suppress Cavitation of Primary NaK Pump.

It is believed that acyl indrical riser around the
shaft to above the seal interface will direct the
leakage oil into the catch basin and prevent
leakage down the shaft into the NaK. On the
pump being tested the riser was below the seal
interface. Further examination showed that there
were no signs of rubbing of the impeller against
Iabyrinth seal s, even though the pump was oper­
ated occasionally at conditions well off the volute­
balance line. 13 The impeller and volute appeared
to be in excellent condition.

The rotary assembly was reinstalled in the loop,
and a test run of 408 hr was made without the
helium bleed down the pump-shaft annulus. The
50-liter/day oil catch basin bleed was maintained.
The rotary assembly was again inspected, and a
very small amount of NaK and oil mixture was
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I

10

12
0.14

Heat removal from the pump barrel by the lubri­
cation and cooling oil was measured at several
NaK temperatures and liquid levels in the pump
tank. At lubricating and cooling oil flow rates of
approximately 3.5 gpm, the heat removal ranged
from 1.8 kw at 1200°F, the normal operating level,
to 2.3 kw at 1400°F, the maximum operating level.

Fig. 1.4.13. Cavitation Data for Primary NaK Pump

at Variaus NaK Temperatures.
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found in the oil catch basin, but its presence had
not affected the oil seal leakage purge system.
The impeller surfaces had an etched appearance,
but approval for further operation was given by the
metallurgists. The critical dimensions of the
rotary assembly were measured before and after
this test run, and it was found that all dimensions
had remained constant, except the volute mouth,
which had opened up from 0.003 to 0.010 in.,
probably because of stress relief and pressure
stresses. An additional test is planned to provide
further data on operation without a helium bleed
down the pump-shaft annulus.

A resistance type of level indicator was used in
the pump tank, and the level readings were com­
pared with the level indicated by spark-plug
probes. The resistance type of level indicator
gave very sati sfactory performance at temper­
atures above 650°F.
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pressures.

The discharge opening of Incanel impeller No.1
was approximately 10% smaller than that of the
brass impeller, and therefore another Inconel
impeller (No.3), with dimensions very close to
those of the brass impeller, was tested. The
results were the same as those obtained with
Inconel impeller No. 1. All performance data were
taken numerous times, and it is possible that the
lock of correlation was caused by a difference in
dimensions of the Inconel and the brass volutes or
by a slight change in impeller inlet geometry.
The variance is considered to be insignificant
over the normal operating range of this pump.

More cavitation data were obtained for this
pump operating with water than for any pump
tested thus for. The Inconel impeller cavitation
performance, Fig. 1.4.15, compared fairly well
with that of the brass impeller. At 300 gpm the
cavitation parameters were practi colly i denti col
for the brass and Inconel impellers. At higher flow
rates and speeds, the parameter was somewhat
greater for the Inconel impeller and probably
reflected fabrication differences between the brass
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14 H• Co Young, J. G. Teague, and M. E. Lackey,
ANP Quar. Prog. Rep. June 10, 1956, ORNL-2106. p 54.

1800 rpm

Auxiliary NaK Pump Development Water Tests

H. C. Young J. N. Simpson

Initial water tests were conducted on an auxiliary
NaK pump with an Inconel impeller in a test loop
designated PK-A-1. A single-pass shell-and-tube
heat exchanger was installed in the 4-in. Inconel
pipe loop to remove pump power heat. A 60-hp
doc drive motor was used to permit constant-speed
measu rements.

The performance data obtained in these initial
tests of the auxi I iary NaK pump with an Inconel
impeller (No. 1) are compared in Fig. 1.4.14 with
data obtained previously with a brass impeller
and volute. 14 At moderate flow rates, the data
correl ate very well, but at hi gh fI ow rates the head
drops more rapidly for the Inconel impeller than
for the brass impeller. It was suspected that
cavitation caused the drop, and the tests were
repeated with hi gher pump tank gas pressures than
those which appeared to be normally adequate,

Fig. 1.4.14. Performance Data for Auxiliary NaK

Pump Operating with Water.

Fig. 1.4.15. Cavitation Data for Auxiliary NaK Pump

with an Inconel Impeller Operating with Water Compared

with Data Obtained with a Brass Impeller.
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and Inconel vanes. On the basis of these tests
the cavitation performance of the Inconel impeller
is considered to be entirely satisfactory for oper­
ation with NaK over the ART design range. Some
additional data will be taken, however, to assure
adequate information for com pari son with data to
be taken with NaK.

Based on earlier experience with the primary
NaK pumps, 15 a ~2-in.-dia hole was drilled through
the top of the discharge pipe inside the pump tank
to permit gas trapped in the discharge line during
filling to be vented. This vent permitted satis­
factory pump priming. In order to further determine
the effectiveness of this vent, a section of piping
was installed in the discharge leg of the test loop
to deliberately trap any quantity of gas up to a
value of 0.45 ft 3. A series of pump priming tests
was conducted wherein the loop was fi lied at
o psig with 0.45 ft3 of gas trapped in the loop.
The pump tank gas pressure was then raised to
15 psi g before attempti ng to start the pump. A

I

later series of tests was also conducted wherein
the gas pressure was raised to 15 psig before
the loop was filled so that twice the previous
amount of gas was trapped. In all cases, it was
possible to start and fully prime the pump by
following the starting and stopping technique
described below. The pump is brought to on
operating speed of 1800 rpm (this speed represents
the fi rst control step speed on the wound-rotor
drive motor) and operated at that speed until the
discharge pressure drops slightly, which indicates
that gas has entered the pump, and then the pump
is stopped. This procedure is repeated until the
discharge pressure no longer drops. The average
number of startup attempts required ranged from a
minimum of seven for the first series of tests to
1? for the later series of tests with twice as much
trapped gas. It appears that with this technique
the pump can be started with trapped gas in the
system, and it will not be necessary to vacuum-fill
the loop.

15H• C. Young ond J. G. Tague, AN P Quar. Prog.
Rep. Sept. 10, 1956, ORNL-2157. P 43.

PERIOD ENDING MARCH 31,1957

REACTOR COMPONENT DEVELOPMENT TESTS

D. B. Trauger

Heat Exchanger and Radiator Development sts

J. C. Amos

L. H. Devlin 16 R. L. Senn

D. R. Ward

A summary of fuel-to-NaK heat exchanger and
NaK-to-air radiator test operations during thi s
quarter is presented in Table 1.4.2. Process
Engineering heat exchanger No. 2 (type SHE-?)
and Black, Sivalls & Bryson radiator No.1 com­
pleted 1456 hr of nonisothermal operation, including
552 hr at a heat exchanger fuel inlet temperature of
1600o F, and 29 thermal cycles, in SHE test stand
B. 17 The test was finally interrupted by a NaK
leak in the circulating cold-trap economizer after
a total of 1845 hr of operation. At the time of the
interruption, the test was operating on the tenth
step of a 15-step program 18 for obtaining data on
mass transfer in the NaK circuit. The conditions
imposed on the heat exchanger had been suf­
ficiently severe, however, that it was decided to
terminate the test rather than to complete the
mass-transfer study program. Data covering the
range of interest had been obtained and further
operation would only have provided more inter­
mediate and check points. Analyses of the data
obtained during this test are being made. The heat
exchanger is being examined metallurgically, and
the economizer, which had operated in this stand
for a total of 6490 hr, is also being examined to
determine the cause of failure.

The test stand (SHE-B) is being modified to
accommodate a 20-tube, semicircular heat ex­
changer, des ignated It small heat exchanger type
SHE-9" (Fig. 1.4.16). The dimensions of this

160n assignment from Prott & Whitney Aircraft.

17 The design of heat exchanger type SHE-] is illus­
troted in Fig. 1.4.5, p 50, of ANP Quar. Prog. Rep.
Sept. 10, 1956, ORNL-2157i the design of radiator
No.1 is the same as that of radiator No. ] shown in
Fig. 1.4.8, p 60, of ANP Quar. Prog. Rep. June 10,
1956,ORNL-2106.

18J • Co Amos et al., ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL-2221, p 43.
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Table 1.4.2. Summary of Heat Exchanger and Radiator Operations
J: -

Test Unit

Process Engineering Corp.

heat exchanger No.2

(type SHE·7)

Hours of Total Number
Test

Nonisothermal Hours of. of Thermal
Stand

Operation Operation Cycles

SHE·B 1456 1845 29

Status of Test

Terminated because of failure

of circulating cold-trap

economi zer

Black, Sivalls & Bryson

heat exchanger No.

(type tHE-8)

IHE·B 547 911 5 Test completed

Black, Sivall s & Bryson

heat exchanger No.2

(type IHE-8)

IHE-B 547 911 5 Test continuing

York Corp. radiator No. 11 IHE·B 547 911 5 Test continuing

York Corp. radiator No. 12 IHE·B 547 911 5 Test continuing

Black, Sivalls & Bryson

radiator No.1

SHE·B 1456 1845 29 Terminated because of fai lure

of circulating cold-trap

economi zer (operated in can·

junction with Process Engi­

neering Corp. heat exchanger

No.2, above)

heat exchanger, wh ich is being fabrj cated of
Inconel, are given below, and the proposed oper­
ati ng conditions are presented in Fig. 1.4.17.

This heat exchanger was designed to simulate
the tube geometries of the ART main heat ex­
changers. The heat exchanger will be subjected
to a thermal-cycling program in order to verify
the stress analysis of the ART main heat ex­
changers.

7.8gpm

28gpm

sig

psig

sig

2 psig

-ORNL-LR-OWG 20BB7

325 kw

325kw

1500 OF I NoK-TO-AIR I 1070 OF

19.2 psig I RADIATOR I 15 psig

L'.PNoK = 4.2 psig 15p

I NoK IPUMP
Re NoK =109,000

34.

L'.PNoK = 15 psig

L'.TNoK = 430°F

1500°F 1070 OF-----------
19.2 psig FUEl-TO- NoK 34.2 psig

1600°F HEAT EXCHANGER 1250 OF

36 psig 15psig

L'. TFUEL=350 OF

L'.PFUEL= 21 psig

15p

Re FUEL =2790 I FUEL IPUMP

L'.PFUEL = 4 psig 40

1600 OF I RESISTANCE I 1250 OF

36 psig
, HEATER I 40psig

Fig. 1.4.17. Operating Conditions for Semicircular

Small Heat Exchanger Type SHE·9.

Incanel

20

0.2315

0.1815

0.025

60138

0.00358

5.74

0.018 X 0.040

45-deg stagger

O-deg incline

14

6.05

0.0036

7.32

0.0090

Number of spacers

Fuel flow length, ft

Fuel free flow area, ft2

Fuel side heat transfer area, ft 2

Fuel equivalent diameter, ft

Tube material

Number of tubes

Tube outside diameter, in.

Tube inside diameter, in.

Tube wall thickness, in.

NaK flow length, ft

NaK free flaw area, ft2

NaK side heat rransfer area, ft2

Spacer dimensions, in.

Spacer arrangement
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Water Flow Tests of Aluminum North.Head Mockup

Fig. 1.4.18. Operating Conditions During 503·hr

Endurance Test of Black, Sivalls & Bryson Heat Ex­

changers Nos. 1 and 2 (Type IHE-8).

Additional tests were run of the ART twin fuel
pump system as part of the water flow tests of the
aluminum north-head mockup. For these tests the
pumps incorporated the improved model 32 impellers

..

1700'F

t265'F

~
ORNL-LR-DWG 20888

39.7 pslgl INITIAL)
00.6 ps;g (FINAL!

J. W. Cooke 20

1600'F

NoK HEATER
(GAS-FIRED

FURNACE)

36.9 ps;g (INITIAL!

35.6 ps;gIFINAL)

NoK-TO-AIR

RADIATORS
YORK NOS. II AND 12

02.5 ps;g (INITIAL!
00.5 ps;g (FINAL)

1500 'F

R. Curry 20

:J :J_<X ::;
;:: <X

<X...J

~ 2 ~ Q7.4 ps;g (INITIAL! ~ ~~
G: FUEL 06.\ ps;g (FINAL! 0 ~~

~
~ PUMP r-- 0.0.

i i ~ "Vi "Vi
1200'F 0.0.

0 '" ~~<Xi '"<t <t
[26.4 ps,g(INITIAL)

NN

25.0 pslg (FINAL)

N -
0: d 0: d

2 w 2w '"'" 2 :J_ 2 Z
:J 2 0 <X 0
<X <X V1 <X ...J I V1
2 I >- ;::<X u >-U 0: - Z

"
x 0:S x CD iji ~~
w CDw 0

0 ...J f- 0
~ f- 2

w
~ ~ "- <X, <X :!: ' , w 2

.c w <X :Q ~ ...J I
<X

0 I V1 W W V1
0 ...J "- 00 :::J ...J ...J

~
~ ...J >- 00 "- W ...J
2 ~ !:: o~ 0. :::J

~"' ;;; "-
N 0 Vi "' (, Vi

f-

'"
f-

'"
,

...J U ~ Uw <X <X
2 ...J Z ...J

lD lD

NoK
PUMP

of the test will not be established until the results
of the metallographic examination of heat ex­
changer No. 1 are known.

ART-prototype test radiator No.1 was received
from York Corp. during the quarter. It is currently
being modified by sl itting the fins as shown in
Fig. 1.4.19. These modifications were recom­
mended as the result of recent detailed stress
analyses of this radiator design. Tests of this
unit will be started soon.

York Corp. radiator No. 15 was installed in SHE
test stand C for operation in conjunction with
Process Engineering Corp. heat exchanger No.3,
type SHE·7. When test operations were started,
proper NaK flow could not be established. The
loop was drained, and examination revealed that
the cold-trap economizer inlet and all but four of
the radiator tubes were plugged with oxide. The
oxide had apparently been deposited in the main
NaK piping at the end of the preceding test,18
which, as described above, was terminated because
of a failure of the cold.trap economizer. When
operations were resumed, the oxide was transferred
to the new radiator and to the economizer inlet
line. York radiator No. 15 has been replaced with
York radiator No. 16, and all NaK piping con­
taining oxide has either been replaced or steam
cleaned. Operation will be resumed to obtain
information on the heat transfer and corrosion
characteristics of a typical system when operating
with NaF-ZrF -UF 4 (56-39-5 mole %, fuel 70).
York radiator No. 15 has been thoroughly cleaned
and will be installed in SHE test stand B as the
heat dump for the test of the semicircular heat
exchanger.

T e first part 18 of the endurance test of Black,
Sivalls & Bryson heat ex~hangers Nos. 1 and 2
(type tHE-8) was completed in IHE test stand
B. The test included 503 hr of operation of heat
exchanger No. 1 with a NaK inlet temperature of
1700° F and the. other condi tions of temperature,
pressure, and flow rate shown in Fig. 1.4.18.
The NaK pressure drop through heat exchanger
No.1, calculated on the basis of constant flow,
increased to approximately 5.4 times the initial
level, and t.he NaK pressure drop through the
radiator increased to approximately 1.3 times
the initial level. These pressure drop increases
in the NaK circuit are attributed, as before, 19
to the buildup of mass-transferred material in
the small-diameter tubing of the test units. Black,
Sivalls & Bryson heat exchanger No. 1 is being
replaced by Black, Sivall s & Bryson heat ex­
changer No.3, which is of the same type as No. 1.
Endurance testing of heat exchanger No.2 will
continue during the second phase of the test.
However, detail ed program ing for the second phase

19J. W. Cooke ond H. Co Hopkins, ANP Quar. Prog.
Rep. Sept. 10, 1956, ORNL·2157, p 46. 200n assignment from Pratt & Whitney Aircraft.
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Fig. 1.4.19. ART-Prototype Test Radiotor No.1 Showing Lines Where Fin Matrix Has Been Slit to Reduce

Stress Concentrations. (Confidential with caption)

described previously.21 With the improved im­

pellers the I iquid spraying and sloshing noted

previously in the expansion tank and the resultant

wetting of the tank ceiling were greatly reduced

because of the reduction in the gross inflow to the

tank. Ingassing of the main circuits with one pump

stopped and the other still running was not

appreciably different with the improved impeller,

and flow-rate fluctuation and pump suction pres­

sures remained essentially unchanged. With the

bypass loop connecting the pump suction pipes

wide open, stopping one pump with the other still

running caused the total flow through the external

main loops to be reduced by a factor of ~2' How­

ever, the flow continued in the normal direction in

21 M• E. Lackey, G. Samuels, and J. J. W. Simon,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL·2221, p 33.

each external main loop with no reversal, and the

flow rate in the external main loop of the stopped

pump was ~O that in the external main loop of

the operating pump. One significance of this

result with regard to reactor operation is that any

tendency for local overheating in an intermediate

heat exchanger tube bundle would be minimized

following stoppage of one-half the fuel, sodium,

and NaK pumps.

The model 32 impeller has greatly reduced the

problem of liquid rising in the shaft annulus.

With the original impeller, liquid rose into the

shaft annulus of a pump which was stopped if the

other pump was still running. In tests of the new

impeller over a wide range of pump speeds and

gas flow rates down the shaft annulus, the only

instance of liquid rising up the shaft annulus

upon stoppage of one pump occurred when the
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Dump Valve Development Tests

220n assignment from Pratt & Whitney Aircraft.

Prototype Valves. - A summary of the tests
conducted this quarter on ART prototype dump
valves is presented in Table 1.4.3. One prototype

operating in parallel, and one of the pumps was
known to be subject to some instabil ity in the
operating region of interest.

The pump volutes in the twin pumps were
carefully examined while the loop was disassembled
for the calibrations described above. Differences
in the design of the volutes in comparison with
the volute design specified for the reactor were
noted, and the aluminum volutes were modified to
more closely resemble the reactor pump volutes.
Both the orifice calibration and the reworking of
the volutes were undertaken in the hope of
eliminating an apparent loss of 10% of pump output
flow rate at design speed and head compared with
the output observed for the same impellers in the
single pump high-temperature test.

M. H. Cooper 22I. T. Dudley

gas inflaw was cut off completely; and even then
more than 30 sec elapsed following pump stoppage
before water was detected 0.4 in. up the annulus,
the lowest sensing point. In operation of the
reactor, the reactor dump cycle would be under way
within this period if a pump stopped.

During the quarter the entire main loop circuit
was sent to the Hydraulics Laboratory of the
University of Tennessee for calibration of the
external main loop orifices. This calibration

showed orifice coefficients 2 to 3% less than the
accepted values, and also showed no variation of
the coefficients with external main loop valve
settings in the range of interest. A special test
was also performed in which water was pumped
into the common pump discharge pipe at a rate of
1300 gpm, and any fluctuations of main loop orifice
differential pressures were observed. Several
repetitions of this test yielded different results.
In about half the runs no fluctuations were
observed. In the other runs fluctuations of an
orifice differential pressure, similar to those
observed with the complete aluminum test rig,
were observed. In these University of Tennessee
tests, water was supplied by two dissimilar pumps

Table 1.4.3. Operating Conditions and Results of Prototype ART Dump Valve Tests

with NoF-ZrF 4-UF .. (50-46-4 mole %, Fuel 30)

Valve temperature: 13000 F

Pressure differential acrosS seat: 50 psi

Valve 4C Valve 56 Valve 5C

Seat material K·151A Copper Copper

P lug material K·151 A Molybdenum Molybdenum

Operating time, hr 1500 430 1100

Number of cycles 50 23 36

Stem closing force, Ib 750 750 1000

Stem opening force (max), Ib 864 1850 2520

Leakoge rate, cm 3/hr

During first 25 cycles (av)

During 500·hr closure (av)

During last cycling period (av)

Maximum during test

o 0.5

o
2.5

6.7

..
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23 Fer results of previous tests see Table 1.4.6, p 50,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL-2221.

were required for opening this valve. This valve
is to be tested again with the diametrical clearance
of the inner stem guide increased from 0.008 to
0.080 in. This valve has given the best over-all
performance of any valve tested to date.

A valve of a modified design is being fabricated
for testing. The new design incorporates a backup
bellows to supplement the seal bellows and im­
proved stem-al ignment contro I. AI so, a val ve that
will have a spider guide mounted in the end con­
nection directly above the seat ring is being
assembled to determine whether valve alignment
can be improved by guiding the plug at a point as
close to the seat as practical. Kentanium 162B
inserts are being used for the bearing surfaces of
the guide.

''In·Line'' Valve Operator. - A simple rig has
been set up for tests of the Philadelphia Gear
Works "in-line" actuator that is to be used on the
ART NaK valves. The test assembly consists of
a simul ated val ve on whi ch the actuator is mounted
and an opposing actuator that is used to determine
the "in-line" stem thrust. Provisions are made for
heating of the simulated valve body to determine
the effect of temperature on the actuator operating
characteri sti c s.

Seat Materials. - Twelve seat and plug materials
combinations have been tested 23 thus far in

NaF·ZrF 4-UF 4 (50-46-4 mole %, fuel 30), and three
other combinations are being tested. The tests
completed during the quarter and those now under
way are summari zed in Table 1.4.4. One of two
test stands was modified for use with NaK, and
tests with NaK are under way. The seat and poppet
combinations tested are described in Table 1.4.4.
The 1500-hr test of each combination consists of
25 opening and reseating cycles, a 50Q-hr closure
period, and, finally, 25 opening and reseating
cycles.

Two cermet combinations, K·151A vs K·152B
and KM vs 162B, have given the most satisfactory
results. The compositions of these cermets are
(in wt %):

valve was received during the latter part of the
quarter from Black, Sivalls & Bryson, designated
valve No.6, which incorporates a swiveled plug.
Since the swiveled plug design is now considered
to be unsati sfactory, Ieakage rate tests wi II be
made on this valve with water only. The two
available test stands will be used to test only
valves which have rigidly mounted plugs and
which incorporate other refinements now con­
sidered to be essential for the successful oper­
ation of this valve design.

Valve 5B, which had a rigidly mounted, spherical
molybdenum plug and a conical copper seat,
exhibited negligible leakage during the first 23
operating cycles. The test of this valve was
terminated after 430 hr because the bellows
ruptured whi Ie the valve was closed. The bellows
is composed of stamped Inconel disks welded
together at their inner and outer peripheries, and
failure occurred at an inner peripheral weld.
Preliminary metallographic inspection showed that
the failure was located at the point of fusion
between the weld bead and the di sk. Some
scattered impurities were observed in this area
which may have contributed to the failure. The
pressure differential across the bellows was
approximately 3 psi and therefore not high enough
to cause direct stress failure.

Valve 5C was assembled by using refinished
parts from valve 5B. The conical surface of the
seat was remachined and the spherical surface of
the plug was polished. The high initial leakage
rates that occurred when tests of valve 5C were
started made it necessary to use a stem closing
force of 1000 lb. The average leakage rate was
0.5 cm 3/hr during the first 25 operating cycles
with this stem force. No measurable leakage
occurred during the 500-hr closure test, and leakage
rates during eleven operating cycles since the
500-hr closure test have been erratic, with an
average of 2.5 cm 3/hr. The leakage rate has
increased rapidly since the thirty-third operating
cycle. This valve has now been operated for
1100 hr, and the test wi II continue unti I an oper­
ating time of 1500 hr has been reached.

Valve 4C, which had a rigidly mounted, spherical
Kentanium cermet (K-151A) plug and a conical
Kentanium cermet (K-151A) seat, was tested for
1500 hr at 1300°F. The average leakage rate
during the first 25 operating cycles was 1.4
cm 3/hr, 1.2 cm 3/hr during the 500-hr closure
test, and 2.4 cm 3/hr during the last 25 operating
cycles. Relatively low stem forces, 500 to 864 Ib,

KM

K-151 A

K-152B

K-162B

90 WTiC 2-10 Co

70 TiC-10 NbTaTiC3-20 Nt

64 TiC-6 NbTaTiC3-30 Ni

64 TiC-6 NbTaTiC3-25 Ni-5 Me
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Table 1.4.4. Conditions and Results of Tests of Volve Seat and Plug Materials

All materials tested in NaF-ZrF 4-UF4 (50-46-4 mole %, fuel 30) except as indicated

Operating Valve
Seat Plug

Time Temperature
Nllmber of

Material Material
(hr) (oF) Cycles

Mo W 1875 1300-1500 27

K-94 K·94 1560 1300 14

Mallory Mallory 1511 1300 21

1000 1000

Cu Mo 1638 1300 41

K·162B KM 1001 1300 33

K-152B K-162B 172 1300 2

Inconel Stell ite 6 696 1000 11

K-152B K-151A 41.5 1300-1500 3

K-162B KM

Comments

Terminated for examination; leakage high

after cycling

Terminated for examination; leakage high

Terminated for examination; leakage high

after cycl ing

Operating

Operating; no leakage at any time

Terminated because of misalignment

Operating; leakage high; test fluid is NaK

Operating

Being installed

24 E• R. Dytko et al., ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL-2221, p 55.

The operating conditions are thus approximately
the same as those for the first test,24 in which
the shell successfully endured 300 cycles. The
two sodium streams, which flow countercurrently

February. The test piece is a quarter-scale model
of the bottom hal f of the ART outer core shell.
The test program consists of three hundred cycles,
with each cycle of magnitude comparable to those
generated by an ART power cycle between zero
and full power.

The test thermal cycle comprises 1 hr under a
temperature gradient and 1 hr of isothermal oper­
ation at 1200°F. The transient time is 10 min.
Internal thermocouples i ndi cate the wall temper­
ature at both ends of the shell. During the temper­
ature gradient phase of a cycle the temperatures
are:

The leakage of the K-151A vs K-152B combi­
nation, tested previously,23 was less than 1
cm 3/hr during the test; the KM vs K-162B combi­
nation, wh ich is sti II in operation, has shown no
leakage. The opening force after the 500-hr
closure at 13000 F was 700 Ib for the K·151A
vs K-1S2B combination and 900 Ib for the KM
vs K-162B combination. A photograph of the
K-151A vs K-152B combination after 1549 hr of
operation In NaF-ZrF 4-UF 4 (50·46-4 mole %,
fuel 30) at 130QoF is presented in Fig. 1.4.20.
Subsequent tests wi II be performed to determine
the characteristics of these materials at higher
temperatures.

A SteHite plug and Inconel seat combination is
being tested with NaK at 1000°F. No self-welding
of the materi 01 s has been experi enced, but the
leakage has been excessive, for example, 40
cm 3/hr at a 50-psi differential pressure across
the seat. Two KM vs K-162B combinations are
being installed for testing in NaK.

Outer Core Shell Thermal Stability Test

J. C. Amos L. H. Devl in

The second of the two proposed thermal-stability
tests of the outer core shell was started in

50

Inner sodium entrance

Inner sodium exit

Outer sodium exit

Outer sodium entrance

1570° F

1250° F

1075°F

1010° F



PERIOD ENDING MARCH 31,1957
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tested in mock ups 27 in order to determine the

pressure drops. Three of these regions were
tested this quarter. Since the heat loads, lengths,
and entrance conditions of the five rows of cooling
holes through the beryllium reflector are different,
the sodium flow through these cooling holes must
be controlled to achieve a uniform temperature
pattern throughout the beryllium. A convenient
method of control is to orifice individual holes at
the beryllium equator joint with 7s-in .• thick orifice
plugs. Such plugs with orifice holes of 0.0595
to 0.1875 in. in inside diameter were tested.

The results of the tests are shown on Fig. 1.4.21
as pressure loss coefficients, which include the
total loss for the entrance orifice and 4.56 in. of
hole length, vs the orifice diameter. A range of
orifice sizes was tested, with the smallest orifice
in the reflector cooling hole reducing the flow to
about 20% of the flow with the largest orifice.
As the result of an error in machining the first
southern hemisphere of the beryllium reflector,
holes 29 to 71 in the second row from the center

275• Kress and R. D. Peak, ANP Quar. ProfS. Rep.
Dec. 31, 1956, ORNL-2221, p 58.

Sodium Circuit Water Flow Tests

Many regions in the ART sodium circuit which
are difficult to analyze are being individually

Fig. 1.4.20. Kentanium Cermet K-151A Plug and

K-152B Seat After 1549 hr in NaF.ZrF 4-UF4 (50-46-4

Mole %, Fuel 30) at 1300oF.
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260n assignment from Pratt & Whitney Aircraft.

over the shell, serve as the heat transfer mediums.
Bursting pressures of 26 and 4 psi exist· across
the shell at the bottom and top, respectively.

Prior to the final assembly of the test housing,
the dimensions of the inside surface of the shell
were carefully measured. The measuring procedure
was the same as that used on the first shell,25
except that a bead of weld material (to serve as a
reference point) was placed on the large end of the
shell rather than on the housing, as in the first
test. Relocation of the reference point resulted in
more accurate measurements.
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were drilled 0.218 in. circumferentially off align­
ment. This misalignment will introduce an extra
head loss at the equator joint, but it can be
compensated by proper selection of the orifice
size. A second series of orifice tests was run to
determine the effect of this misalignment on the
loss coefficient. The results of these tests are
also shown on Fig. 1.4.21.

Another test involved a full-scale mockup of
one-half of the symmetrical sodium circuit in the
reflector entrance region where the sodium supply
to the reflector flows down from the two pump
tees, impinges on the circular boron cans, and
spreads out over the top of the reflector and the
core shell. The wooden test model of the top of
the beryllium reflector with the circular boron­
containing can in place and the spacer bars
assembled is shown in Fig. 1.4.22, and Fig. 1.4.23
shows the model with the boron-containing conical

ring and the pressure ring in place. This model
was fitted into an aluminum-Inconel-Plexiglas
piece that simulated the underside of the Inconel
north-head shells just above the reflector.

The head loss in this reflector entrance region
at the design flow rate of 1.28 ft3/sec was found
to be 3.0 ft compared with an estimated 7.5 ft.
The relative flow distribution through the beryllium
cooling holes was obtained by measuring the
height of the water jet from each hole with the
complete test assembly turned upside down, and
loss coefficients (Fig. 1.4.24) were calculated for
each hole based on the jet height and the hole
orientation shown in Figs. 1.4.22 and 1.4.23. The
measurements showed that the cooling holes on
the shoulder around the pie-shaped depression in
the reflector corry much less flow (2 to 3 times)
than the rest of the holes.

Fig. 1.4.22. Wooden Model of Top of Reflector Showing the Boron-Containing Circular Can, the Spacer Bars,

and One-Half of the Cooling Holes.
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Fig. 1.4.23. Wooden Model of Top of Reflector Showing Boron-Containing Canical Ring and Pressure Ring

Assembly.

A water test was al so conducted on a proposed
bypass slot in the north-head sodium circuit. This
slot is to be cut between the sodi um-to-NaK heat
exchanger shell and the external pressure shell of
the reactor to allow some sodium flow to bypass
the present slots between the pressure shell and
the upper-deck outer shell and to give a more
direct entrance for flow into the heat exchanger
inlet. The slot tested, shown in Fig. 1.4.25,

was approximately 5 in. wide, 0.8 in. long, and
0.1875 in. high. The Plexiglas top represented

the pressure shell. The loss equation for this

slot, as determined experimentally, is

where 6H is the head loss, V is the velocity of the
flow through the slot, and g is gravity.

AUXILIARY COMPONENT DEVELOPMENT

TESTS

J. J. Keyes

High-Frequency Thermal-Cycling Water Tests

J. J. Keyes J. E. Mott 28

The time constant of a 36-gage Chromel-alumel
thermocouple was determined to be less than 3.5
msec, and thus such a thermocouple may be used
to measure, quite accurately, sinusoidal fluid

temperature fluctuations of up to about 30 cps.

6H 1.14 --
2g 280n assignment from Pratt & Whitney Aircraft.
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Fig. 1.4.23. Wooden Model of Top of Reflector Showing Boron-Containing Conical Ring and Pressure Ring

Assembly.

A water test was al so conducted on a proposed
bypass slot in the north-head sodium circuit. This
slot is to be cut between the sodium-to-NaK heat
exchanger shell and the external pressure shell of
the reactor to allow some sodium flow to bypass
the present slots between the pressure shell and
the upper-deck outer shell and to give a more
direct entrance for flow into the heat exchanger
inlet. The slot tested, shown in Fig. 1.4.25,

was approximately 5 in. wide, 0.8 in. long, and
0.1875 in. high. The Plexiglas top represented

the pressure shell. The loss equation for this

slot, as determined experimentally, IS

where I1H is the head loss, V is the velocity of the
flow through the slot, and f5 is gravity.

AUXILIARY COMPONENT DEVELOPMENT

TESTS

J. J. Keyes

High-Frequency Thermal-Cycling Water Tests

J. J. Keyes J. E. Mott 28

The time constant of a 36-gage Chromel-alumel
thermocouple was determined to be less than 3.5
msec, and thus such a thermocouple may be used
to measure, quite accurately, sinusoidal fluid

temperature fluctuations of up to about 30 cps.

I1H 1.14
280n assignment from Pratt & Whitney Aircraft.
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Fig. 1.4.26. Ratio of Wall Temperature Amplitude to

the Fluid Temperature Amplitude, TJ, as a Function of

the Frequency, /, of the Thermal Cycle Imposed on the

Fluid for a Thick-Walled Inconel Tube with a Film Heat

Transfer Coefficient of 3140 Btu/hr.ft2.~.
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High-Frequency Thermal-Cycling Test Loop

A. G. Smith, Jr. 31

The high-frequency thermal-cycling test loop,

described previously,29 was completed, and

Fig. 1.4.27 shows the pulse generator, pulse pump,

and test piece. The pulse generator consists of

two pistons which produce helium pressure pulses

180-deg out of phase. These pressure pulses are

transmitted to the pulsers which force alternate

hot and cold slugs of fluid through the test piece.

A hel ium bubbler type of level device is used to

record and control the fluid level in the pulse

pump. The maximum and minimum fluid temper­

atures will be 1650 and 1150°F, respectively,29J. E. Mott and A. G. Smith, Jr., ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 54.

30M• Jakob, Heal Transfer, vol 1, p 298, Wiley,
New York, 1949.

Fig. 1.4.25. Diagram af Narth-Head-Slat Test Piece.

The Inconel-nickel "gun-barrel" thermocouple,

described previously,29 may be used to measure

sinusoidal wall-temperature amplitudes in a ~.in.­

dia, ~.in.-wall, Inconel tube for several surface

heat transfer coefficients. The results of experi­

ments with 0 film heat transfer coefficient of

3140 Btu/hr.ft2.oF are compared with the Jakob

equation 30 in Fig. 1.4.26. The deviation of the

experimental results from theoretical may be

caused by perturbations of the boundary layer as a

result of slight thermocouple protrusion ("-'0.002

in.) or by entrance region effects. The thermo­

couple was located about 30 diameters downstream,

which was not far enough away from the entrance

for uniform turbulent flow to be definitely es­

tab I i shed.

Measurements of the axial fluid temperature

ampl itude attenuation in turbulent flow through a

straight tube as a result of heat exchange with the

tube wall were made for compari son with theo­

retical predictions for metal and plastic wall s.

In addition, the results enabled an estimate of the

wall attenuation ratio to be made, independent

of direct wall measurements, which is in reasonable

agreement with the Jakob equation. This work is

being continued.

..
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Fig. 1.4.27. High-Frequency Thermal-Cycling Test Loop.
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to give a maximum pulse-amplitude fluid temper­
ature of ±250o F. The frequency of these pul ses

can be varied from 0.5 to 10 cps. The maximum
flow anticipated is 12 gpm, which will permit a
calculated heat transfer coefficient· of 5500
Btu/hr.ft 2.oF in the test section, a %-in. sched-40
pipe.

Most of the control panel is shown in Fig. 1.4.28,
including the gas panels for both the high- and
low-temperature loops and sumps, alarm and motor
control panels, and two of the four Variac cabinets.
There are two 16-poi nt Brown temperature recorders,
and each contains an integral high- or low-temper­
ature alarm as a safety measure. These recorders

wi II mOflitor the 150 thermocouples mounted on the
loop. The four Variac cabinets contain 42 separate
control circuits for preheating and for normal
secondary heating. The 250-kva transformer for

main loop resistance heat and the auxiliary gas
panel are not shown.

The loop has operated sati sfactorily at design
specifications with water, and data are being taken
on temperature .amplitudes at the test section as a
function of frequency and flow rate. This infor­
mation will form a basis for high-temperature
operation. Some control difficulties have occurred
during startup and shutdown, but these are being
eliminated. The water tests will be continued
unti I thorough fami Ii ari zation wi th the operation
is achieved.

Cold Traps and Plugging Indicators

R. D. Peak D. A. Gardiner

Plugging indicators are required in each of the
eight NaK cold-trap circuits of the ART to monitor
the sodium oxide level. The plugging indicator
proposed for this service 32 is essentially the
same as the type whi ch has been used success fully
on all the heat exchanger test stands during the
past two years. Since the plugging indicators
used In the heat exchanger tests were never
calibrated, culibration tests of an ART prototype
plugging indicator were conducted. A cold-trap
test stand 33 was used for these calibration tests
with the ART plugging indicator mounted vertically
in the stand.

32 R• D. Peak, ANP Quar. Prog. Rep. Sept. 10, 1956,
ORNL-2157, p 57.

33 R• D. Peak, ANP Quar. Prog. Rep. June 10, 1956,
ORNL-2106, p 63.
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The results af a typical test with the ART
plugging indicator are shown in Fig. 1.4.29. The
test is started by turning the Calrod heater off and
the cooling air on so that the NaK flowing through
the plugg1ng plate gradually cools. At a certain
temperature the NaK flow rate starts decreasing
abruptly because precipitated oxide has begun to
plug holes in the plugging plate. This temperature,
called the break temperature because of the change
in flow rate, is an indication of the oxide content
of the NaK. After the break temperature is de­
termi ned, the ai r is turned off and the Cal rod is
turned on in order to dissolve the precipitated
oxide.

All plugging indicator tests were made at a
nominal NaK flow rate of 0.5 gpm. Experience on
the heat exchanger test stands has shown that the
break temperature is insensitive to this flow rate.
Since the flow rates in ART application may vary,
data on pressure drop vs flow rate were obtained
and are shown in Fig. 1.4.30. Air flow rates were
al so varied, and it was found that the break temper­
ature was duplicated to within 5°F at a 400°F
break temperature with air flow rates varying from
30 to 80 scfm, and to within 20°F at a 800°F break
temperature with air flow rates varying from 8 to 40
scfm. The air pressure drop is shown in Fig.

1.4.31.
The plugging indicator was calibrated against

chemical analyses for sodium oxide obtained by
the Argonne sampler di sti II ation method. 34 The
chemical analyses showed much greater inherent
variations than did the break temperatures. In an

attempt to determine the causes for these vari­
ations, the Argonne sampler data were subjected
to the standard techniques of analysis of variance.

There appeared to be no significant differences
in instrumentation or sampler units from test to
test, but samples taken by one technician were
significantly higher in sodium oxide than those
obtained by the other nine technicians. The
standard deviation of the analyses was very large
and increased as the number of the analyses
increased. Although 86 samples were taken, only
46 were analyzed successfully and used for the
cal ibration. The resul ts of these analy se s are

shown in Fig. 1.4.32 along with the corresponding

34J • C. White, Procedure for the Determination of
Oxygen in Sodium and NaK by the Distillation Method,
ORNL CF-56-4-31 (April 5, 1956).
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Fig. 1.4.28. Control Panel for the High.Frequency Thermol-Cycling Test Loop.
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:
plugging-indicator break temperatures. The least­
squares correlation of break temperature based on
oxide analyses is also shown. The calibration line
has good validity, as indicated by a correlation
coefficient of 0.89, even though the data appear
to show wide scatter. The calibration curve
includes most of the practical range of plugging­
indicator application, and it should be used as a

PERIOD ENDING MARCH 37,1957

criterion for the oxide content of NaK rather than
the solubility line.

At low break temperatures, the correlation line
is to the right of the oxide solubility line. 35

A requirement that a given amount of oxide is

355• J. Rodgers and J. W. Mausteller, Solubility oj
Sodium Monoxide in NaK, MSA Tech. Rep. 47, Fig. 2
(Morch 15, 1956).
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Fig. 1.4.30. NaK Pressure Drop Through an ART

Plugging Indicator. (Confidential with caption)
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Fig. 1.4.32. ART Plugging Indicator Calibration and

Results of Chemical Analyses Obtoined with an Argonne

Sampler. (Confidential with caption)
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Fig. 1.4.31. Air Pressure Drop Through an ART

Plugging Indicator. (Confidential with caption)

necessary to plug the indicator holes and thus
to show the flow break would move the correlation
line to the left of the solubility line, since, as the
oxide level falls, the NaK has to be cooled to a
Iarger temperature interval below the saturation
temperature before the required amount of oxide is
deposited. The correlation line is to the right,
however, and the above phenomenon may not occur
or the solubility data may be in error at these low
temperatures.

Li qu id-Metal-Vapor Condensers

M. H. Cooper

Tests of the modified Iiquid-metal-vapor con­
densers 36 were completed. The NaK condenser
functioned satisfactori Iy, but the sodiom condenser
became partially blocked. The results of these
tests are summarized in Table 1.4.5. The re­
duction of the gas flow through sodium condenser
"I was caused by the condensation and freezing
of sodium at the first baffle, as shown in Fig.
1.4.33.

36M• H. Cooper, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL·2221, p 54.
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Table 1.4.5. Summary of Results of Liquid-Metal-Vapor Condenser Tests

Condenser inlet temperoture:

Condenser outlet temperature:

Condenser Des; gnation Helium Flow Rate Comments

Sodium III

NaK IV

NaK IV

1.0-0.5 liter/min

1.7 cfm

0.5 liter/min

Condenser became portially blocked after 230 hr and

caused the helium flow to fall to 0.5 liter/min. No

further decrease in flow occurred during 1500-hr test

Satisfactory operation through 100 high-flow cycles of

2 ~2 to 3 min each

Sati sfactory performance for 300 hr; however, entra ined

NaK carried into downstream line by occidental, con­

tinuous high flow

, Fig. 1.4.33. Inlet Section of Sodium Condenser '"

~fter 1500·hr Test.

Sodium condenser IV, which is to be tested,
consists of a 7-ft length of \-in. sched-40 Inconel
pipe that will be maintained at 300°F by electrical
heaters and will be sloped toward the sump. It is
expected that the sodium will condense and drain
back into the sump, since the entire condenser will
be above the freezing point of sodium (208°F).
The dimensions of the NaK condenser IV have
been modified, as shown in Fig. 1.4.34. The
cooling section has been reduced from 24 to 12 in.
and the separating section has been changed from
a 24-in. section of 4-in. sched-40 pipe to a 12-in.
section of 6-in. sched-40 pipe. The NaK condenser
was shortened because of space I imitations above
the NaK sumps in the ART, and the diameter of the
separating section was increased to compensate.

Zirconium Fluoride Vapor Traps

M. H. Cooper

The detailed design of an experimental prototype
of the ART zirconium fluoride thermal-condensation
vapor trap, descri bed previous Iy, 37 was completed
and a unit is being fabricated. A diagram of the
experimental trap, which was designed to be
easi Iy di sassembled for examination, is shown

37M• H. Cooper and F. A. Anderson, ANP Quar.
Prog. Rep. Dec. 31, 1956, ORNL-2221, p 51.
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in Fig. 1.4.35. The experimental trap will be
electrically heated and therefore does not include
the sodium jacket that will surround it in ART use.

Three tests of AI
2
0

3
reaction traps, also

described previously, 38 were conducted in order to
determine the effect of temperature on the A1

2
0

3
­

ZrF 4 reaction. A section through the reaction
zone of each test assembly is shown in Fig. 1.4.36.
The reaction products fused in the tests made at
1600 and 1700°F, but they did not fuse in the
test at 1S00oF. It is believed that the fusion
was caused either by the formation of complex
reaction products or by impurities in the AI

2
0

3
packing material.

An AI
2
0

3
trap performed sati sfactori Iy for 2000

hr in an in-pile loop test. Also, a fuel pump was
purged at ART design conditions for 1400 hr
through an AI P3 trap without difficulty. The
AI P3 trap used in the Pratt & Whitney high­
temperature critical experiment did not completely
remove the ZrF 4 from the purge gas during rapid
fuel dumps. Some ZrF 4 was detected in downstream
gas control valves. However, the ZrF 4 removal
was more complete than in the ART high-temper­
ature critical experiment for which a thermal­
condensation trap was used.

Insulation Tests

R. D. Peak

Tests were run to measure the heat losses
through three brands pf insulation on piping carrying
high-temperature NaK in order to determine the
type of insulation best suited for the ETU and
ART NaK piping.

The insulating materials tested were: (1) Fiber­
frax, type XSW, manufactured by The Carborundum
Company, which is a ~-in.-thick blanket of syn­
thetic alumina-silica ceramic fiber; (2) Thermoflex,
type RF-600, manufactured by Johns-Manville,
which is a Yfin.-thick brown blanket of synthetic
alumina-silica ceramic fiber; (3) Hy-Temp, manu­
factured by the Keasbey & Mattison Co., which is
diatomaceous earth preformed for 2-in.-thick pipe.
The Hy-Temp insulation was cut to length, placed
on the piping, and tie-wired on. The Fiberfrax
and Thermoflex insulations were placed on ordinary
galvanized window fly screen and cut to size.

:

Fig. 1.4.34. Modified NaK Condenser IV.
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38 F• A. Anderson and M. H. Cooper, ANP Quar. Prog.
Rep. Sept. 10, 1956, ORNL-2157. p 61.
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The blanket and screen were then wrapped two full
turns around the pipe to give a loin. thickness and
tie-wired on.

The thermal conductivities and the heat losses
of the three brands of insulation are summarized
In Tabl e 1.4.6. The ti me requ ired to apply the

Thermoflex insulations indicated that it could be
applied at an average rate of 2 ft/man-hour, as
compared with a rate of 1 ~ ft/man-hour for Fiber­
frax. The rate for applying the Fiberfrax insulation
IS lower because it is brittle and requires greater
care in handling.

UNCLASSifiED
PHOTO 28001
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Fig. 1.4.36. Packed Sections of Three AI 20 3 Traps for ZrF.( Vapor Showing the Effect of Temperature on the

Reaction Products.

Table 1•.04.6. Heat Losses Through Insulation

Type of Insulation Tested

64

Mean thermal conductivity at 700°F, Btu/ hr·ft2.o F

Thickness, in.

Power input required to hold at 12000 F with 90°F

ambient temperature, w/ft

On %. and ~-in. sched·40 pipe

On 1~.in. tubing

Thermoflex

0.050

130

154

F iberfrax

0.049

107

143

Hy- Temp

0.063

2

86

149 •
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1.5. REACTOR AND FACILITY CONSTRUCTION
:

::

W. F. Boudreau

ART·ETU REACTOR CONSTRUCTION

AND ASSEMBL Y

G. D. Whitman

H. M. Abele C. K. McGlothlan

G. W. Peach

The schedule for assembly of the ETU and ART

reactors was revised on the basis of delayed

delivery of components being produced by outside

vendors. It is planned to increase the local shop

load by transferring the fabrication of all pres­

sure shells, additional strut-load ring assemblies

and filler plates from outside vendors' plants to

the shops at the Y-12 plant. The local shop is

fabricating the ETU north head and will assemble

the reactors.

The detailed design of the reactor is essentially

complete, with some work remaining to be done on

the design of the sodium annuli surrounding the

fuel overflow, off-gas, and fill-and-drain lines.

Numerous design changes have been made based

on further design studies, development tests,

component fabrication difficulties, and weld shrink­

age tests. The status of the major reactor sub­

assemblies and components is described below.

North-Head Assembly

Work has been stopped on assembly of the north

head pending the arrival of the sodium-to-NaK

heat exchangers. The lower deck assembly has

been fabricated; the lower deck skirt has been hot

formed and rough machined; and numerous other

small subassemblies have been completed. Ap­

proximately 30% of the assembly work is completed.

The work on the sodi um-to-NaK heat exchangers

is now progress ing at a more sati sfactory rate

than previously. All 30 of the offset-bend-forming

dies have been completed. The Griscom-Russell

Co. has completed assembling the tubes for the

first unit, and assembly of the tubes to the headers

of the second unit has been started. Successful

brazes are now being made, and it; s fel t that no

further brazing development work wi II be needed.

Reflector-Moderator Assembly

A lower beryllium hemisphere for the reflector­

moderator assembly has been fabricated, and the

spacer ferrules have been installed in the inner

M. Bender

surface. An upper beryl I i um hemi sphere is com­

pi ete, except for contouri ng the top surface i m­

mediately below the two sodium coolant inlet

pipes. This beryllium component is shown in

Fig. 1.5.1 during the machining operations on the

top surface. A second setof beryllium hemispheres

for the ART has been received, and hole-drilling

operations are nearly complete in the lower half.

Work is progressing on a strut-load ring as­

sembly, and the struts have been welded to the

upper ring. The load ring forging has been re­

cei ved from the outside fabri cator, and mach ini ng

operations have started on thi s piece.

The majority of the boron carbi de ti les, and

spares, required for two reactors have been re­

ceived, and no difficulty is anticipated in obtaining

the remainder. The fabricatorof the stainless-steel­

clad boron-copper shielding has had difficulty in

rolling the material to desired tolerances, and a

relaxation in the tolerance on ratio of cladding to

cermet in the matrix has been authorized. Dif­

ficulty has been encountered in rolling a product

that is consistently acceptable metallurgically,

and more development work remains to be done on

thi s operation.

The fabrication of Inconel shell s, notably the

island and outer fuel core shells, continues to be

a major problem. The effort has been concentrated

on the shear spinning process, and to date no

completely sati sfactory component has been pro­

duced. The development problem has turned out

to be more difficult than originally estimated.

Raw material quality requirements have had to be

improved in that the surface fi n ish must be better

than that norma II y obtai ned in the stock si zes

used. The physical properties of the material,

parti cui ar! y hardness and grai n si ze, mu st be

carefully controlled throughout the forming process

to prevent crack ing. The tool forces on the stock

during final forming of the inner and outer fuel

core shells produce resultant forces that tend to

pull the shell s away from the mandrel. Thi s

occurs because of the reverse curve in these

shells, and several light sizing passes have had

to be employed to acquire sati sfactory dimensional

control.

Despite these probl ems a dimensionally ac­

ceptabl e outer shell has been produced, but over-
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Fig. 1.5.1. Upper Beryllium Hemisphere for ETU Reactor Assembly.

;

pickling after one of the heat-treating operations
has resulted in excessive intergranular attock. It
is possible that the surface of the shell may be
cleaned without going below the tolerance on wall
thi cknes s.

A small parallel program has been initiated in an
effort to fabri cate the th in core shell s by hot
forming oversized parts and then finish machining
them to final thickness. This seems to be a more
positive approach to the problem; however, the
metallurgical risks are theoretically greater since
thicker stock, in which there is greater chance for

flaws, must be used, and there is none of the cold
working of the raw material which is beneficial to

the metallurgical structure if properly controlled.

Island and Pressure Shell Liner

One set of beryllium island parts is complete,
incl uding the installation of the spacer ferrules.

66

No acceptable Inconel shell parts have been
produced, however, as di scussed above.

The lower section of the pressure shell liner is
now to be fabricated by hot pressing and machining
in lieu of combination cold forming, shear spinning,
and machining. It is felt that the present plan is
a safer approach, since there were so many un­
knowns in the cold forming and shear spinning
aspects of the original plan. Bids for the fabrica­

tion of this component are being evaluated.
No fabri cati on work has been done to date on the

\6-in.-thick shells to cover the shielding in the
reactor. It is planned to fabricate the spherical

sections of these parts by spinning and to fabri­
cate the other sections by cold pressing.

Fuel-to-t-laK Heat Exchangers

The dual effort on fuel-to-NaK heat exchanger
fabrication was evaluated, and Black, Sivalls &

:
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ETU FACILITY

G. D. Whitman

All installation work on the ETU facility has
been tentatively stopped unti I July 1, 1957, and
the present status of the facility is described
below:
1. bench fabrication of the main and auxi liary

NaK piping 90% complete;
2. installation of the main furnace circuits ap­

proximately 70% complete; no installation work
started on the isothermal or auxiliary circuits;

3. all cold-trap circuit components available for
assembly;

4. all floor supports installed;
5. main air duct installation approximately 50%

complete; all parts avai lable for installation;
6. control room complete, except for a few mi scel­

laneous items;
7. intermediate runs of the auxi liary piping in the

basement approximately 80% complete; no
additional work scheduled until components
del ivered;

pulled in almost ~ in. on the radius. The pressure
shell design was changed from 1- to ~.in. thick·
ness at the weld by tapering the cross section
above the equator on the inner surface so that
radial shrinkage would not restrict the flow pas­
sage or interfere with the shell liner. Additional
tests mu st be performed on the thicker shell s, and
preparations are under way now to perform these
tests.

Tests have been compl eted on spot welding
O.lOO-in.-thick stainless-steel-clad Cu-B 4 C cermet
shielding material to 0.250-in.-thick Inconel, and
sati sfactory results were obtained. Satisfactory
results have also been obtained in spot welding
the 0.005-in.-thick stainless steel cans of the
copper-coated B

4
C tiles to the stainless steel

cladding of the Cu-B4C cermets.
The reactor assembly procedures are being re­

viewed continually, and revisions are being in­
corporated as desi gn changes and better assemb Iy
techniques are conceived. The reactor assembly
area is complete except for one main section of
floor reinforcement. The security enclosure around
the assembly, inspection, cleaning, and storage
areas is complete, and isolation from the remainder
of the building will be effected when major reactor
assembly operations begin.

:
Bryson was selected as the fabricator. All jigs,
tool s, and fixtures ordered and made by York Corp.
are being transferred to Black, Sivalls & Bryson.

In the course of machining the first channel at
Black, Sivall s & Bryson an error was di scovered
in the IBM data which was used to construct the
cam. Corrections were made and the second
channel machined showed the machining method to
be sati sfactory but demon strated the need for
changes in the method of forming the rough chan­
nel. The third channel is now being machined,
and the second channel will be incorporated into a
rough prototype assembly. The resistance-heating
method of setting the tubes appears to be sati s­
factory, and enough tubes for the prototype have
been formed.

Assembly Methods Development

Weld shrinkage tests have continued, with a
total of 24 tests being completed for the welds
required for the Ye-, ~-, and l-in.-thick reactor
shell s. These tests have been performed in order
to determine the magnitude of transverse and
radial shell shrinkage as a result of the welding
and to develop wei di ng fi xtures and procedures
that wi II enab Ie reasonably accurate predi cti on of
shrinkage, di stortion, and quality of the reactor
core shell wei ds.

Test results have indi cated that tran sverse
shrinkage can be predicted to within ±O.OlO in.
for Ye-in.-thick shells. Insufficient tests have
been run with the heavier shell sections to esti­
mate shrinkage variation. Very little success has
been obtained in controlling the radial shrinkage.
The concentri city of the parts has been hel d to
within 0.010 in. total indicated reading, but the
amount of radial shrinkage has varied from negligi­
ble values to 0.050 in. in the Ye-in.-thick shells.
Many of the tests have been performed on very
poor qual ity rei ected spun shell s wh ich have been
very difficult to weld. The tests on shells that
were closer to the required metallurgical and
dimensional specifications have given much more
usable welding data. An inner fuel-annulus core
shell and welding fixture are shown in Fig. 1.5.2.
This fixture is used in a lathe to align and support
the shell during the welding operations.

The first test on the l-in.-thick, 54-in.-dia hoops
that si mu lated the reactor pres sure shell s showed
the necessity of changing the reactor design to
accommodate the radial shrinkage. These hoops

P. A. Gnadt A. M. Smith
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Fig. 1.5.2. Inner Fuel Annulus Core Shell and Welding Fixture.

8. installation of the cable trays for the basement
area 80% complete; other normal electrical
system installation work not started;

9. emergency electrical system 95% complete.
The following equipment is now on hand and

ready for installation:
1. main and auxiliary NaK pump drive motors,
2. main NaK pump drive motor controller and

resi stor units,
3. all tubular and clamshell heaters,
4. all pipe and components for fabrication and

installation of cold-trap systems,
5. NaK dump tanks for the isothermal and auxiliary

circuits,
6. induction regulators and Powerstats for voltage

adjustment of heaters,
7. motor control centers for hydraulic and lube oil

pump motors.
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Fabri cati on of long-term del ivery components
needed to complete the foci Iity is under way on
the following items:
1. all NaK pump stationary assemblies,
2. furnace drain tanks,
3. NaK-to-air radiators,
4. NaK system flowmeters,
5. isothermal-system throttling valves,
6. control panels,
7. hydraulic drive and lube oil packages.

Major efforts wi II be expended on these items
since they affect the facility completion date.
Some of these items are still in the development
and testi ng stage, and therefore del i very dotes
cannot be quoted. Flowmeters are being col i­
brated in NaK pump component development tests.
The del ivery of these f10wmeters is conti ngent
upon the calibration test results, which are, in



TEST CELL COMPONENTS

A re-evaluation of the ETU program has brought
about several changes in connection with items to
be placed within the test cell that simulates the
ART cell. The equatorial and south-head lead
shielding on the ETU has been eliminated, and
this part of the shield contract with Knapp Mills
was canceled. Design and fabrication of the
equatorial section of the ART lead shielding was
stopped until a review of the shielding require­
ments can be completed. This review and neces­
sary engineering work is to be completed by
June 1, 1957. The design of the south-head shield
is being continued by the vendor.

Contracts for detail design and fabrication of
the ART fuel fill-and-drain tank and reactor sup­
port structures were canceled. The detai led lay-

turn, contingent upon the success of the NaK
pump tests.

The NaK-to-air radiators are being fabricated by
the York Corp., and several development problems
in brazing techniques must be resolved before a
del ivery date can be establ i shed. Acceptabl e
brazed fin sections have been produced, but a
recent design change makes the fin bank more
flexible, and sagging may occur during the brazing
cycles.

The lube oil systems are nearly completed, but
the units have not been tested. Delivery dates
for these items are scheduled early enough to fit
in with other piping work; however, leak testing
·and operational testing results may indi cote un­
foreseen difficulties.

Major difficulties have been encountered in
testing hydraulic drive units similar to the drives
originally specified for use in the ETU. These
difficulties have made it necessary to hold the
purchase order for ETU units in abeyance unti I
revised units can be proved. The specifications
are being rewritten.

Detai led design of the NaK systems piping and
supports is approximately 75% complete, and the
detailed electrical distribution design is approxi­
mately 75% complete. The design of the auxi Iiary
servi ce pi pi ng external to the test cell is approxi­
mate�y 25% complete. Preliminary estimates show
an expected ETU facility completion date, ex­
clusive of the reactor and its associated equip­
ment, of September 1, 1958.

G. D. Whitman A. M. Smith
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outs necessary for fabrication are now being made
by the local des i gn group. Fabri cation of both
components is scheduled to be done in the local
shops when the necessary design is complete.

Preliminary design of the ART fill-and-drain
tank lead sh iel d wa s comp Ieted, but the fi no I de­
sign must await establishment of a firm design for
the tank.

Detail design of the nuclear instrument pod,
which was scheduled as part of the design work
to be done by outside sources, has been reassigned
to the ORNL Instrument and Control s Department.

The ETU fuel fi II-and-drain tank supports that
have been fabricated will have to be reworked
because design changes have increased the length
of these supports.

The present status of procurement and fabri ca­
tion of other components is gi yen below:

1. The ETU fuel fi II-and-drai n tank has been
received.

2. Prototype fuel dump valves have been re­
cei ved and are bei ng tested and eval uated.

3. Design of the sodium expansion tank was
approved, and an order was placed for the neces­
sary Inconel. Fabrication of the tanks for the
ETU and ART will be done by the local shops.

4. A contract for fabrication of the ETU and
ART NaK manifolds has been let to the Midwest
Piping Company, and they are now in the process
of doing development work on bends and nozzle­
to-header welds and of qualifying welders.

5. Design of the hydraulic oil piping inside the
cell has been completed, and purchase orders were
issued for procurement of the materials required
for both the ETU and the ART cell s.

6. The sodium system plugging indicator for use
on the ETU and the two ART auxiliary piping
junction panel s were completed.

7. Fabrication of the ART enricher and enricher
line assembly has continued without appreciable
difficulty.

8. Welding procedures and designs for the joints
between the bellows and nipple on the twelve
junction panel expansion joints have been ap­
proved and the vendor is proceedi ng wi th fabri ca­
tion.

Des ign work on other components in si de the cell
is continuing. Preliminary design layouts for the

fuel-recovery tank, fuel overflow and off-gas
piping, lube oil piping, and the north-head lead
shielding are now being made. In addition, design
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layouts showing equipment locations at various
elevations throughout both cells were started.

ART FACILITY

F. R. McQuilkin

Test Facility

W. F. Ferguson G. C. Robinson
J. M. Mi II s, Jr. R. D. Stulting

Contract work on the ART facility has been
contracted in four stages established by the design
program. The first two stages, packages 1 and
A, whi ch included bui Iding alterations, bui Iding
additions, cell installation, and installation of
auxiliary services piping, have been completed.
The third stage, package 2, which included the
installation of diesel generators and facility, elec­
tri ca I control centers, and spectrometer-room el ec­
trical and air conditioning equipment, was com­
pleted on February 20, 1957. The fourth stage,
package 3A, which includes a distribution system
for supplying electrical power to the pipe heaters
and equipment heaters, a dry-air plant, and a build­
ing to house the air plant and wound-rotor-motor
controllers, is 28.2% complete.

As reported previously, the contract for package
3A work was awarded to the Rentenbach Engineer­
ing Company, effective December 7, 1956, at a
contract price of $114,434, with a contract com­
pletion date of April 25, 1957.

Work performed during the quarter on package 2
included the completion of installation of anchor
bolts and support plates in the penthouse walls,
wi ring of di esel-generator control panel s, tests of
the air compressor and fuel oi I piping for the
di esel un its, and di esel-generator equi pment op­
erational and performance tests.

Duri ng the testi ng of the di esel-generator equi p­
ment the Caterpi liar unit generator bearings were
damaged because of improper lubrication and had
to be replaced. The control equipment required
minor design and wiring changes. The performance
testing consisted in operating each generator in
parallel with a common generator and loading with
two 250.hp main blowers, which is approximately
60% of full capacity of the two units. Necessary
governor, voltage-regulator, and cross-current­
compensator adjustments were made to give satis­
factory load and current divi sion. The five gen­
erator units were paralleled and satisfactorily
loaded with the available load. Additional per-
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formance tests wi II be made when a Iarger test
load is available.

Work performed duri ng the quarter on package 3A
included excavation, installation of underground
piping, pouring of the footings, and erection of
steel and siding for the compressor house, re­
arrangement of the electrical panels in the center
basement, and installation of conduit and cable
trays from the switch house to the heater di stribu­
tion panel area.

Package 3 work on the design of the process
piping and process equipment has continued. Pro­
curement was initiated for the absorber pit piping,
material for heat barrier doors, and steel for the
fuel fill-and-drain tank coolant system pump
supports.

Disassembly Facility

A. A. Abbatiello V. J. Kelleghan
J. H. Dowdy 1 L. W. Love2

M. G. Willey

Plans for removing and sectioning the ART after
operation were studied further, with one objective
being the determination of the important dimen­
sions which must be taken during assembly in
order to have basic information avai lable with
which to compare the changes after the reactor has
been operated. It is apparent that much work will
be required to take the measurements and to set
up the sequence of di sassembly cuts required to
obtain meaningful data. This work is urgent be­
cause fixed reference points must be established
in the assembly and "as built" dimensions must
be obtained.

The hydraulic shear which has been tested ap­
pears to be an excellent severing device, and it
can be remotely operated to cut and partially seal
off lines. This was demonstrated witA the use of
a temporary closed-circuit television system. A
further advantage of th is devi ce is that shearing
di sperses the mi ni mum of acti vi ty into the ai r as
compared with the sawing and grinding methods
also considered. 3 Bids have been invited for a

shear capable of cutting the 3 ~-in. sched-40
Inconel lines in the NaK system and operable from

IOn ass ignment from Conva ir.

20n assignment from Pratt & Whitney Aircraft.

3J. C. Bolger, S. F. D'Urso, and M. H. Fontana, ANP
Qua•. P.og. Rep. Dec. 31, 1956, ORNL-2221, p 88.
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a remote suspension. This would be the main
cutting device used to remove the ART from the
test cell. The locations of lines within the test
cell have been studied to assure their accessi­
bility if they must be severed with a remotely
controlled device. The detailed operations to be
undertaken in the hot cell are also being studied.
In general, welds wi II be cut away and the reactor
componen ts wi II be removed in the reverse order of
their assembly.

Conceptual designs based on the interlocking
drilled or milled hole method of disassembly have
been made for the principal items of heavy equip­
ment needed in the hot cell. The interlocking
hole technique was selected because it permits
the greatest flexibility in the cut location with the
minimum spread of activity. It is planned currently
that the two main hot-cell tools will be a turntable
mounted on a hydraulic lift, which will support
the reactor, and a Bridgeport type of universal
milling head carried on a cantilever floor mount,
which will drive the cutting tool.

Tentative des ign cri teria were prepared for the
proposed disassembly facility. A large hot cell,
20 ft wide, 76 ft long, and 36 ft high, is to be
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provided that will be divided into two rooms by a
pair of shielding doors constructed of high-density
concrete 4 ~ ft thick. The cell equipment layout
and tool ing criteria wi II be more completely deter­
mined before more firm facility criteria are ad­
vanced.

A ~ 2"scale model of the hot cell is now avai 1­
able. It is anticipated that the model will be a
substantial aid in vi sualizing and analyzing the
complex hot-cell techniques. The model is shown
in Fig. 1.5.3 with the approximately 57-in.-dia
reactor mounted on a turntable after the water and
lead shields have been removed. Two floor­
mounted milling machines are shown forward of the
turntable, and proposed carriers for two overhead
manipulators and a 3D-ton crane are shown over­
head. The longitudinal openings in the cell wall
will provide means for determining optimum loca­
tions for viewing windows. Beyond the reactor can
be seen a tank for decontamination of parts, as
well as several parts and tools lying on the floor.
The openings in the floor of each room provide
access to the proposed underground tunnel for
transfer of hot materials to storage or to smaller
hot cells for subsequent component parts dis­
assembly and close examination work.
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Fig. 1.5.3. Study Model of Hot Cell for Disassembly of the ART After Operation.
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1.6. ART, ETU, AND IN-PILE OPERATIONS

H. W. Savage D. B. Trauger

IOn assignment from Pratt & Whitney Aircraft.

ART OPERATION PLANNING

W. B. Cottrell

A critical review of the reactor system oper­
ability is being made, and conflicts among the
desi gn, con struction, and instrumentation phase s
of the project are being resolved. A study was
made of the manpower required during the various
phases of operation of the ETU and the ART and
the disassembly of the ART. The peak work load
during operation of the ART wi II require 40
engineers and 18 technicians. Although the ETU
operating crew will be about one third this size,
all ART operating personnel wi II receive ETU
operating experi ence. Furthermore, si nce the
ma jori ty of proj ect engineers have no experi ence
in nuclear operations, arrangements are being
made for training in the theoretical aspects of
nuclear radiation, shielding, reactor theory, and
control and for on-the-job experience 'Jt other
operating reactors.

As a consequence of an extensive design review,
supplementary provisions have been made for the
containment of activity at the facility in the event
of concurrent heat exchanger and radi ator leak s, a
number of desi gn and instrument changes have
been incorporated into the system, and additional
component development tests have been scheduled
to demonstrate the adequacy of the system for the
prescribed test program. The final specifications
of the test program will be based on the results of
detailed analysis work and the component de­
velopment test program (see Chap s. 1. 1 and 1.4,

II Aircraft Reactor Test Design" and "Component
Development and Testing," respectively). In order
to provide for the containment of activity in the
event of concurrent heat exchan ger and radi ator
leaks, the NaK system pressure will be maintained
above that of the fuel at all points where a leak
between the two systems could occur. In the
event of a leak or leaks, this pressure will be
maintained unti I either the activity has decayed to
below seriously hazardous levels, or the NaK
lines have been pinched off with remotely operated

,:

c. W. Cunningham R. A. Drei sbach I

clamps in order to seal the activity in the reactor
away from the radiator leaks.

Further studies of the off-gas system have indi­
cated the advi sabi Iity of di recti ng the reactor off­
gas through the ZrF 4-vapor trap on the reactor
without the option of using the vapor trap on the
fi II-and-drain tank if the reactor trap became re­
stri cted. Thu s, the vapor trap on the fi II-and­
drain tank will never receive vapor from the reac­
tor and should be in good condition when needed
during a dump. Thus, it is expected that normal
operation could continue without increased hazard
even though the reactor vapor trap became re­
stricted. Provisions are being made to bypass
both traps. The equalizer line around the reactor
vapor trap wi II be used during every dump, but the
bypass around the vapor trap of the fi II-and-drai n
tank wi II be for one-time emergency use only.
Appropriate development tests that will simulate
the different conditions to which the two traps will
be subj ected are to be performed. Unfortunately,
it will not be possible to include fission gas heat­
ing, 20 w/cm 3, in these tests. The postpower
fuel-sampling system and the helium supply vent
and bypass provi sions to the fuel expansion tank

are to be tested also.
The effect of xenon solubility in the ART fuel

on the ability of the helium purge system toremove
the xenon has been studied,2 and recent meas­
urements have establ i shed a val ue for the so Iu­
bility of xenon in the proposed reactor fuel (see
Chap. 2.2, "Chemical Reactions in Molten Salts").
Therefore it was possible to predict the amount of
xenon that will remain in the fuel for any given
purge condition. 3 Measurements will be taken in
the ART of the xenon poisoning, which when com­
pared with the calculated xenon poison effects
should give a measure of the purging efficiency of
the ART xenon r~oval system.

Procedures were prepared for fi" ing the various
systems wi th hel i um by pressuri zation and venting
and for fi II ing the NaK system wi th NaK. AI though

2M. T. Robinson, A Theoretic«l Study 01 Xe 135 Poi­
soning Kinetics in Fluid-Fueled. Gas-Sparged Nuclear
Reactors, ORNL·1924 (Feb. 6, 1956).

3W, Lowen,Ap in the ART, ORNL CF-57-2-31 (Feb. 8,
1957) ,
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bleed lines will have to be installed in the special

NaK systems in order to fill the fill-and-drain tank

tubes and annulus with NaK, recent pump tests

ind i cate that the trapped ga sin the auxi I i ary Na K

system may be removed by the pump. If this is not

so, bleed lines will have to be added to both

auxi I iary NaK systems. A drain I ine wi II be in­

stalled in each of the two speci al NaK systems in

order to remove the NaK from the fi II-and-drain

tank. There will be some holdup of NaK in all

NaK systems, but they will be flushed with

kerosene and alcohol prior to disassembly.

Two independent analyses are to be made of the

ART off-gas. First, a source from a branch of the

off-gas I ine wi II be analyzed wi th a gamma-ray

spectrometer. Because of the compl exity of thi s

off-gas and because of background, Compton scat­

tering, shielding, and other effects, use of as-in.

crystal is pi anned. The output of the crystal wi II

be analyzed with a 256-channel analyzer. For the

second analysi s a suitable gas chromatography

method wi II be used.

As a result of the various design studies, sev­

eral significant changes have been made in the

ART instrumentation and controls. The pressure

regulator bypass around the fill-and-drain tank

vent valves has been removed, and a pressure

regulator has been added to the helium supply to

provi de better control and to I imi t the maxi mum

pressure available for the filling operation. As

stated above, an equalizer line has been provided

from a poi nt down stream of the vapor trap on the
fill-and-drain tonk to each of the fuel pump helium

inlets to permit a fuel dump in the prescribed time

even in the event that the reactor vapor trap is

plugged. The equalizer line contains two solenoid

valves in parallel, and check valves are located

both in these bypass lines and in the helium supply

lines where the two join ahead of both fuel pumps.

The solenoid valves will be interlocked to open

when the fuel drain valves are opened, and they

will be manually operable from the control room at

other ti meso

A line from the helium supply will be provided

to admit gas into the fill-and-drain tank to periodi­

cally test the vapor trap for plugs. This line will

have a fixed orifice and will include a solenoid

valve, a pressure transmitter, and a check valve.

The solenoid valves will be operated from the

control room where the pressure wi II be continu­

ously recorded.
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The frangi ble-di sk-operated val ve for bypassi ng

the vapor trap on the fi II-and-drai n tank wi II be en­

ergi zed on on emergency basi s in the event of a

plug in this vapor trap. A separate nitrogen supply

has been provided for energizing the valve. The

downstream taps of the two fuel expansion tank

level indicators were moved to improve the reli­

ability of the instruments in the event of a plug of

the reactor vapor trap.

Provisions were made for venting the gas from

the NaK pumps and dump tanks through a common

vent header to the cell off-gas I ine. Two vacuum

pumps in parallel with a bypass line and an isola­

tion valve were provided in the cell off-gas line

upstream of the charcoal bed and sample station.

With these provi sions it will be possible to main­

tain the cell at a pressure of 5 psia so that in the

event of concurrent radi ator and heat exchanger

leaks, the cell may act as a sink for activity by

venting the reactor fuel system to the cell. A vent

connection was provided from the reactor off-gas

line to the cell atmosphere that consi sts of a

frangible-di sk valve and a solenoid valve in a tee

in the off-gas line downstream from the pressure

control valve which maintains the reactor expan­

sion tank pressure.

ETU OPERATION PLANNING

W. B. Cottrell

C. W. Cunningham R. A. Dreisbach

S. M. DeCamp

The operation of the ETU is prerequisite to that

of the ART, and the maintenance of ETU flow

sheets, instrument lists, and valve tabulations is

being emphasized. An instrument application

tabulation was prepared which gives maximum,

minimum, and normal values of the quantities to

be measured, as well as the type of pickup instru­

ment, location, and number required and the loca­

tion, type, accuracy, and range for the readi ng

instruments by which the various quantities are

presented. A valve tabulation is currently being

prepared.

A prel iminary control block diagram was used as

a basis for preparing a list of "emergency condi­

tions for ETU operations." There will be no em­

ergency conditions in the nuclear sense for the

ETU reactor, but for training purposes it is pro­

posed to set up annunciations of emergencies

simi lar to those provided for in ART operation



planning, and insofar as possible the same pro­
cedures will be followed as would be required by
such an emergency during ART operation.

3. Lead oxide metal paint adsorbs activity and
is not easily decontaminated.

4. Buoyancy and solubility effects in underwater
cutting tend to remove contami nated materi al s
from partially restricted areas where they might
remain undi sturbed in a gaseous atmosphere.
Therefore, greater precautions must be taken to
prevent escape of activity.

ART DISASSEMBLY PROCEDURES

W. B. Cottrell

W. E. Browning R. P. Shields

A number of studies have been made of proce­
dures for disassembling the ART, including dis­
posal of radioactive materials. Water used to
spray the inside of the test cell after operation of
the ART will be highly contaminated. The Health
Physics Division has recommended that this water
be taken by truck to the tank farm at X-10. The
Operations Division has a tank truck with a
shielded cab and has indicated that it can be used
for thi s purpose. One stipulation is that the water
must be slightly alkaline. The problem of sodium
and NaK di sposal is sti II being investigated.

The method for effecting the remote cutting op­
erations required within the test cell for removal
of equipment is being studied, and several dis­
advantages of a proposed underwater operation
have developed. The following factors are perti­
nent to this study.

1. Iron oxide and hydroxide are good scavengers
for many types of radioactivity, especially stron­
tium, and can be expected to concentrate activity.

2. The following radiation levels would exist
above the surface of water containing the indi­
cated concentrations of radioactive strontium:

:

•

Concentration of Activity in
the Water (curies/ml)

0.35

1.5

1.9

Dose 10 in. Above
Surface (mr/hr)

18

85

110
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IN.PILE EXPERIMENTATION

J. A. Conlin

In·Pile Loops

A shift of emphasis in ART supporting research
has resulted in the cancellation of further in-pile
loop tests of zirconium-fluoride-base fuels in
Inconel systems. The information thus far ob­
tained from the in-pile loop program has verified
the results obtained through irradiation of capsules
and through out-of-pi Ie corrosion tests. The
irradiation tests indicate that no substantial
change in fuel properties or corrosion rate is to
be expected because of radiation. Further in-pi Ie
loop tests will be initiated when suitable nickel­
molybdenum alloys and lithium-base fuels are
available.

In-pile loop No.6, the operation of which was
described previously,4 was cut up at NRTS and
returned to the ORNL hot-cell facilities where it
is awaiting disassembly and metallographic ex­
amination.

Prototype In-Pile Pump

Future in-pile loop work will require a pump
capable of operating for longer times and at higher
temperatures than those used thus far. Therefore
a development program has been initiated to ex­
tend the established operating range of the in-pile

pump.5 To provi de a margin of safety for future
loop operation, the pump should be capable of
operati ng at 1500° F at about 150% of the present
salt flow requirement and for 2000 hr. The shafts
of each of the first two test pumps seized after
approximately 1000 hr of operation as a result of
zi rconi um fluori de accumulation around the shaft
sl inger. A third test, previously described,5 was
set up for which a zirconium fluoride vapor trap of
alumina was used and the circulated fuel mixture
was NaF-ZrF4-UF 4 (56-39-5 mole %, fuel 70).
Thi s pump sati sfactori Iy met the requi red condi­
tions by completing the 2000-hr test at 15000 F and

4J . A. Conlin et al., ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL·2221, p 89.

5J. A. Coni in and D. M. Haines, ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 90.
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4500 rpm, which corresponds to a flow rate of
1.75 gpm at a 19-ft head. Postrun di sassembly
showed all pump parts to be in the as-built condi­
tion. There was some zirconium fluoride bui Idup
on the pump housing surrounding the sl inger but
not enough to contact the shaft. The alumina in
the vapor trap, which had operated for its design
life, appeared to be fused and the trap was almost
plugged; however, no difficulty had been ex­
peri enced with the purge flow through the trap.

The results of the test justify the use of thi s
pump in in-pile loops with maximum temperatures
in the range of 1600 to 1650°F, which correspond
to a pump temperature of 1500o F. This conclusion
carries the limitation for zirconium-fluoride-base
fuel s, however, that the zi rconi um fluori de vapor
pressure at pump temperatures must not exceed
that of thi s test, 3.6 mm Hg. Loop flow and test
duration may al so be increased safely over the
previous limits.

In-P i1e Loop Heat Exchanger Tests

C. C. Bolta

Future in-pi Ie loops are expected to be operated
at higher power densities for which the capacity,
30 kw, of the present in-pi Ie loop heat exchanger
is insufficient. A program was therefore initiated
to develop a heat exchanger with a capacity of
45 kw or more. A test unit similar to a forced­
convecti on loop wi th a resi stance-heated section
and a 5-gpm centri fugal pump was set up to ac­
commodate various heat exchangers. The first
series of tests were run on the standard in-pile
loop heat exchanger to obtai n data for compari son
and to verify loop power generation data. Curves
of heat removal vs air flow were obtained, and
the results verified that with inlet air at a pres­
sure of 90 psia a maximum of about 30 kw of heat
can be removed.

In order to increase the capacity of the heat ex­
changer, a water injection system was devi sed and
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tested. This consisted of a small, high-pressure
pump for injecting 0.12 gpm of water into the inlet
air stream through a small shower-head nozzle.
Prel iminary calculations indicated that about 15 kw
of heat should be absorbed by the heat of vapori za­
tion of the water alone. The test results showed
an increase of only 2 to 3 kw, however, at all air
flows. It was apparent that complete vaporization
of the water was not obtained. Further develop­
ment of this system was dropped because of the
complications foreseen in developing an efficient
water di spersion system for in-pi Ie use. A second
test heat exchanger with machined nickel fins has
been designed and fabrication has been started.

In-Pile Test of Moderator Material

C. C. Bolta

The first in-pile test of moderator materials for
use at high temperatures was completed. In thi s
test four samplesof beryllium oxide were irradiated
in the HB-3 beam hole during two MTR cycles with
gamma heat estimated at between 2 and 5 wig and
a fast neutron flux of about 10 13 neutrons/cm 2 .sec.
The high-temperature end of the capsule was
normally at about 1500°F. The capsule was
thermally cycled 32 times as a result of reactor
power fluctuations, with temperature differentials
ranging from 200 to 1400o F. The results of ex­
amination of the irradiated specimens are pre­
sented in Chap. 4.1, "Radiation Damage."

A second test assembly has been prepared for
irradiation in the MTR which includes three cap­
sules mounted side by side in a vertical position.
A 1-in.-dia capsule contains three beryllium oxide
specimens encased in a 0.020-in.-wall Inconel
sheath; a 1.25-in.-dia capsule contains graphite
encased in a O.020-in.-wall nickel sheath; and a
\-in .•dia capsule contains zirconium hydride en­
cased in a O.025-in.-wall molybdenum sheath.
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1.7. HEAT TRANSFER STUDIES

H. W. Hoffman

ART F UE L-TO-NaK HEAT EXCHANGER

J. L. Wantland S. I. Cohen

Heat transfer studies of the delta-array heat

exchanger 1 were continued. Measurements were

obtained in the laminar flow region for Reynolds

moduli as low as 200. It may be seen from Fig.

1. 7.1 that the data for Reynolds numbers of 500

1J • L. Wantland and S. I. Cohen, ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 277.

to 1000 are correlated by the equation

NNu
-- = 0.47No. 36

NO•4 Re
Pr

Below N R e = 500 the data fa II progressively

farther below the curve representing this cor­

relating equation. However, the significance of

these data is limited by experimental uncertainties

relating to flow control and heat generation in

40
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Fig. 1.7.1. Heat Transfer Characteristics of the Delta-Array Heat Exchanger.
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this very low Reynolds modulus region. At these
low Reynolds moduli, the effects of natural con­
vection assume greater importance in the total
heat transfer. In order to evaluate the natural­
convection contribution, the system was operated
with flow in both directions through the heat
exchanger. If the natura I-convection mechan ism
is involved, the heat transfer for flow in the
reverse direction (downward through the exchanger)
should be less than that for flow in the normal
direction. The data presented in Fig. 1.7.1 show
no effect of natural convection over the Reynolds
modulus range examined. From considerations of

the geometry and orientation of the heat exchanger,
th is resu It was to be expected.

Additional fluid friction data were obtained for
the fuel side of a straight-tube model of the ART
fuel-to-Nak heat exchanger. The data now available
cover the Reynolds modulus range of 150 to 8000.
The new data are shown in Fig. 1.7.2, along with
the prey ious Iy reported res ults. For compar ison,
the predictions based on experimental measurements
with a 100-tube bundle having a similar spacing
configuration are given also in Fig. 1.7.2. In the
range from N

Re
= 1000 to N

Re
= 500, the data fall

a long the extrapolation of the ear I ier data. Over

UNCLA SSIFIED
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Fig. 1.7.2. Fluid Friction Characteristics an the Fuel Side of a Straight-Tube Model of the ART Fuel-to-NaK

Heat Exchanger. (Secret with caption)
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the range N R e = 500 to N R e 3000, the data

can be specified by the equation

5.7
(

NO. 56
Re

In the laminar region the data lie between the

curves ( = 56/N R e' far square channel s, and

( = 64/N
Re

, for circular ducts. The early tran­

sition, in the vicinity of N
Re

= 400, results from

the turbu lent wakes beh ind the heat exchanger

spacers.

Preliminary designs were made of a system for

studying the heat transfer and velocity structures

in a single fuel-side channel of an ART type of

heat exchanger for both the square- and the delta­

tube arrangements shown in Fig. 1.7.3. For the

velocity profile determinations, the apparatus will

be constructed of Plexiglas so that the profiles

can be visualized and photographed by using the

phosphorescent particle technique. 2 The heat

transfer experiments will be conducted in channels

with flow cross sections identical to those used

in the flow visual ization studies. The individual

tube sections will be constructed of stainless

steel and will be electrically insulated from each

other. Heat wi II be generated electrically in the

tube sections and will be transferred to the water

flowing through the test unit. It will be possible

in this system to obtain the peripheral variation

of the heat transfer coefficient.

ART HYDRODYNAMICS

L. D. Palmer F. E. Lynch

G. L. Muller3

Core Hydrodynamics

Earl ier experimental studies of flow stabi I i zation 4

in reactor cores demonstrated the value of screens

placed in the diverging portion of the flow channel.

These experiments were made with an axial-flow

entrance sy stem. Measurements are now planned

2L• D. Palmer, F. E. Lynch, and G. L. Muller, ANP
QuaT. PTOg. Rep. Dec. 31, 1956, ORNL-2221, p 279;
see also "Instantaneous Velocity Profile Measure­
ments," this chapter.

30n assignment from Pratt & Whitney Aircraft.

4C• M. Copenhaver, F. E. Lynch, and G. L. Muller,
ANP QuaT. Prog. Rep. Sept. 10, 1956, ORNL-215'7,
p 225; L. D. Palmer, F. E. Lynch, and G. L. Muller,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL-2221,
p 278.
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(a) SQUARE ARRAY

I b) DELTA ARRAY

Fig. 1.7.3. Typical Flow Channels for Velocity

Profile Visualization Studies of Parollel.Tube Heat

Exchangers.

with a swirl entrance system similar to that of the

ART core header to determine the effect of screens

on the hydrodynamic pattern of this system. The

experimental system will again involve the 10/44­

scale model of the ART core, along with provision

for the introduction of various mesh screens at

a number of pi anes in the d ivergi ng ha If of the

channel. Preliminary calculations indicate that

the pressure unbalances in the present ART header

are of the same order of magnitude as the friction

losses through the core. Under these conditions

peripheral flaw asymmetries in the core cauld

develop. Such flow asymmetries were seen in

velocity measurements in the full-scale Plexiglas
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model of the ART core. 5 Because of the velocity­

modifying power of the screens and the cross­

mixing between parallel streams flowing through

the core, the extent to wh i ch these peri phera I

flow variations are "ironed-out" cannot be pre­

dicted. Thus, experimental observations with

the core mode Isore neces sary.

Some calculations were made of the temperatures

to be expected in such flow-stabi lizing screens

during reactor operat ion. The analys i s indi cated

that the screens would be essentially at the fluid

environment temperature during normal operation.

During a fuel dump the screens would be subjected

to gamma-ray heating without the cooling normally

afforded by the flowing fuel. If one-dimensional

heat conduction was assumed as the only heat­

removal mechanism and the internal heat source

was taken to be 8 w/cm3 , a maximum screen-to­

wall temperature difference of llOO"F was obtained.

Thus, for a wall temperature of 1l00:JF, the max­

imum screen temperature would be 2200oF. This

calculation provides a conservative upper limit

in that natural-convection heat transfer to the

surrounding helium and radiation heat transfer to

the cooler walls were not considered.

Instantaneous Velocity Profile Measurements

The program of photographic recording of in­

stantaneous velocity profi les by using the phos­

phorescent dye technique has included studies

with circular tubes of several diameters, a two­

dimensional diffuser with a half angle of 8 deg,

and a loin. spiral. Examples of laminar flow in

a circular tube and turbulent flow in the spiral

were presented prev ious Iy. 2 Further ill ustrations

under other flow conditions and different geometries

5W• J. Stelzman, G. D. Whitman, and W. T. Furgerson,
private cammunication to G. L. Muller.

are given in Figs. 1.7.4 and 1.7.5. Figure 1.7.4

is a photograph of a turbu lent-flow profi Ie (N R e

= 27,000) in a 3-in. glass pipe. Figure 1.7.5

shows a group of three photographs of flow profi les

in the diffuser over a Reynolds modulus range of

7000 to 8750. In part (a) of Fig. 1.7.5 the maximum

velocity occurs close to the left wall of the

channel. In part (b) the position of the maximum

has shifted closer to the channel center, and the

beginning of a reverse flow region on the right

wall can be seen. In part (c) well-developed

reverse flow is apparent. This shifting of the

velocity pattern is not rapid in the diffuser studied,

the photographs being taken during an entire

afternoon of intermittent system operation. After

each photograph the velocity in the system was

increased sufficiently to ensure removal of all

Fig. 1.7.4. Turbulent-Flow Velocity Profile in 0

3-in. Glass Pipe.

Fig. 1.7.5. Velocity Profiles in a ~ X 6 in. Diffuser with an 8-<1eg Half Angle.
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the phosphorescent dye from the tubing wa II s.

The flow was then reset to the desired test value

and the system was allowed to reach equilibrium

conditions before the next photograph was taken.

To obtain quantitative information on the fluid

velocities, the profile photograph must be super­

imposed on a grid photograph. The grid is placed

within the test section so that it lies in the plane

of the collimated light beam used to obtain the

velocity profile. The system is filled with water

and a photograph is taken. Thus, the same dis­

tortion will exist in both the velocity profiles

and the grid photographs. During this operation

the camera remains rigidly positioned.

The velocity profile in the composite photograph

of Fig. 1.7.6 was taken at a Reynolds modulus

of 10,000 in a 2Y2-in. plastic tube. The slight

dip in the profile near the tube center probably

results from the particular entrance conditions

of the test unit. The time interval for this picture

(the time that elapsed between the flash of the

collimated light beam which excites the phos­

phorescent particles and the opening of the camera

shutter) was 0.2373 sec. The Reynolds modulus

Fig. 1.7.6. Composite of Grid and Velocity Profile

Photographs for Flow Through a 2 ~.in. Tube at a

Reynolds Number of 10,000.

PERIOD ENDING MARCH 31,1957

based on the mean velocity evaluated from the

grid-photograph data checked with the system

Reynolds modulus as determined by calibrated

rota meters to within 10%. Further studies over

a wide Reynolds modulus range are planned.

The results of these studies wi II be compared

with data obtained by using more conventional

techniques, such as pitot tubes and hot wires.

HEAT TRANSFER IN REFLECTOR·MODERATED

REACTOR CORES

N. D. Greene W. R. Gambill

ART Core Heat Transfer

The hydrodynamic experiments in which screens

were used in the 10/44-scale plastic core model

ind icated the need for further volume-heat-source

studies of a similar geometry. A heat-generation

analysis has shown that a number of fine-mesh

plastic screens can be placed in the northern

hemisphere of the core without drastic disturbance

of the flux field. In the pores of the screens (the

region in which the flux density is highest) the

heat generated wi II be 2 ~ times that in the free

fluid. The effect of these regions of high tem­

perature on the over-all temperature field is made

negligible by two factors: (1) the volume of fluid

affected is only a very small percentage of the

total fluid volume, and (2) the stringers of high­

temperature fluid issuing from the screen pores

are rapidly dissipated in the highly turbulent

wakes behind the screen wires. Such local in­

creases in heat generation would be limited to

res i stance-heated sy stems, and thus simi lar screens

in the ART core would not be subjected to the

higher temperatures. Wall-temperature meas­

urements wi II be made in the regions between the

screens, as well as in the undisturbed southern

hem i sphere of the core. Fluid temperatures wi II

be obtained with the adjustable thermocouple

probes located at the core outlet. These probes

wi II be used both to survey the fluid radially in

a fixed axial plane and to investigate temperature­

ti me corre lat ion s between the four thermocoupl e

probes. These latter studies will be made for

both the swirl entrance system with the core

screens and for the swirl entrance alone. It is

hoped that the results of these experiments will

shed additional light on the origins of the tem­

perature fl uctuation s wh ich have been observed

in the ART type of core geometry.
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Vortex Tube Heat Transfer

A volume-heat-source experiment was designed
that utilizes the vortex flow principle. 6 For these
measurements a uniform volume heat source will
be generated electrically within a sulfuric acid
solution flowing through an insulated cylindrical
pipe. The des ired fI uid ve loc ity profi Ie wi II be
created by vanes in the entrance section of the
tube. Both steady-state and transient temperature
measurements will be obtained by using surface,

as well as fluid, thermocouples. The fluid ther­
mocouples will be located at the tube exit and
will provide a radial traverse of the tube.

A similarexperimentwill involve the measurement
of heat transfer coefficients in a heated-tube
system containing a liquid vortex. It is estimated
that the heat transfer in this system will be
greater than that for conventional flow of fluid
through a tube. In such a sy stem it may be
possible to maintain satisfactorily low tube-wall
temperatures without secondary cooling. The
effect of centrifugal forces on the temperature
structure wi II also be investigated. Hydrodynamic
stud ies of the sta bi Iity of the flui d vortex and
other phenomena at the interface between the
vortex and the main fluid flow are currently in
progress.

THERMAL-CYCLING EXPERIMENTS

H. W. Hoffman D. P. Gregory3

Studies with the system for thermally cycling
Inconel tubing were continued in order to determine
the effects of fluctuating temperatures and stresses
on Inconel exposed to flowing NaF-ZrF4-UF 4

(50.46-4 mole %, fuel 30). The results obtained
to date are summarized in Tables 1.7.1, 1.7.2,
and 1.7.3. Figures 1.7.7 through 1.7.14 show the
maximum penetration observed in the test sections
used for the experiments described in Tables
1.7.1, 1.7.2, and 1.7.3.

In order to investigate the possible effect on
the depth of attack in Inconel of the interaction
between the heater section and the test section
and of the heater length, an experiment was per­
formed (ET-S) in which the entire 12-in. test unit
served as a heater. The heater was subjected to

6H• F. Poppendiek, N. D. Greene, and L. D. Palmer,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL-2221,
p 281.
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temperature cycl ing under the same wall-temper­
ature-difference conditions as existed in the test
sections used in runs ET-H and ET-O. The test
unit for run ET-H was divided into a 4-in. heater
and an 8-in. test section, while the test unit for
run ET·O was an 8-in. heater and a 4-in. test
section. From the data in Table 1.7.1, it may be
seen that the general subsurface-void formation
was approximately the same in a II three test
sections. However, the ET-H test section 'showed
deeper intergranular stringers than the ET-O test
section. The specimen taken from the test unit
for run ET -S showed a tendency toward inter­
granular attack in the regions of deepest pen­
etration. The exposure times for runs ET-H and
ET-O were approximately the same, while run
ET-S lasted 16 hr less than ET-H. Although it
is difficult to draw specific conclusions on the
basis of these three runs alone, it appears that
the heater-test secti on interacti on and the heater
length may not have significant effects on attack
in this thermal-cycling system. This result
possibly could have been predicted on the basis
of the surface area-to-volume ratios in the system.

The results of run ET-S probably cannot be
compared directly with those from runs ET-H and
ET -0 from the stress standpoint. The temperature
difference across the volume-heated metal wall
of the ET-S test section was less than that of
the test sections used for runs ET-H and ET-O.
Since the thermally induced stress is a function
of the temperature gradient in the wall, it it; to
be expected that the stres ses in run ET-S were
lower than those in runs ET-H and ET-O. There­
fore run ET-T was made under temperature and
geo~etry conditions identical to those of run ET-S
with, however, continuous thermal cycling. Since
run ET-T lasted for 97 hr, while run ET-S lasted
for only 50 hr, the test unit used for run ET-T
was at the system maximum temperature approxi­
mately four times as long as was the test unit
used for run ET-S. A comparison of Figs. 1.7.12
and 1. 7.13 shows that somewhat deeper attack
occurred in run ET-T than in run ET-S. Further,
while the number of voids in the specimen from
run ET-T is less than in the specimen from run
EToS, the ET -T voids are much larger. Additional
data must be obtained before hypotheses can be
based on these results.

The series of runs ET-O, ET-P, and ET-Q was
designed to obtain a comparison of the effects of
low-frequency, high-frequency, and isotherma I
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Table 1.7.1. Results'of High-Frequency Thermal-Cycling Tests of Inconel Tubing Exposed to

Flowing NaF.ZrF4-UF4 (50-46-4 Mole %, Fuel 30)

Cycling rate: 0.4 cps

Tubing size: ~ in. 00, 0.035-in. wall

Heater Section Test Section

Duration Interface Maximum Depth of Attack Interface Maximum Depth of Attack Inlet Mixed Mean

Run of Run Length Temperat ure (mils) and Type of Temperature (mi Is) and Type of and Tank

(hr) (in.) f'F) Subsurface Voids (OF) Subsurface Voids Temperat ure (OF)

Average Fluctuation General Inte.-granular Average Fluctuation General Intergranu Ior

ET·A 16 4 1455 180 6 6 1273 8 0 1 1260

14 1546 225 1273 12

-B 240 4 1415 170 9 None 1330 17 2 None 1250

-c 4 4 1755 189 None 2.5 1613 37 2 None

.0 14 4 1845 240 None 8 1590 83 4 None 1580

-E 5 4 1905 235 None 8 1635 43 3 None 1600

-G 23 4 1760 190 None 4 1583 13 4 None 1545

-H 66 4 1730 125 None 11 1600 32 6.5 9* 1570

-1 106 4 1850 125 None 9 1600 22 7.5 None 1575 "tl
IT\
::0

-N 13 8 1740 110 3 4.5 1640 16 5 None 1585 -0
0

-0 59 8 1730 120 None 10 1600 20 5.5 6.5* 1565 IT\
.:z:

1615 5.5* 1565
0

·R 100 8 1750 100 None 9.5 30 3.5
~
c;')

·S 50 12 1600 22 5.5 None 1570 ;t:

>
-T 97 12 1600 25 None 7.5 1570 ::0

t")

:x:
-u 100 8 1785 100 1.5 13.5 1625 20 4.5 6* 1560 w-.

*The intergranular attack appeared as stringers of voids that were more localized than the general void formation. '0
CO VI
W "'l
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Table 1.7.2. Results of Low-Frequency Thermal.Cyciing Tests of Inconel Tubing Exposed to

Flowing NaF·ZrF4·UF4 (50·46·4 Mole %, Fuel 30)

Cycling rate: 0.01 cps

Tubing size: ~ in. 00, 0.035·;n. wall

..

Heater Section Test Section

Run

Duration

af Run

(hr)
Length

(in.)

interface

Temperature

("F) During

First Half

af Cycle

Maximum Depth

af Attack (mils)

and Type af

Subsurface

Vaids

General Intergranular

Interface

Temperature

(OF) During

First Half

af Cycle

Maximum Depth

af Attack (mils)

and Type af

Subsurface

Vaids

General Intergranul ar

Inlet Mixed Mean

and Tank Temperature

("F) and Temperature

During Secand Half

af Cycle

ET-J

.K

.Q

23

100

59

4

4

8

1800

1850

1850

5

2

None

5

13.5

9

1622

1640

1660

2

2

None

Nane

7

5.5

1585

1565

1600

Table 1.7.3. Results of Isothermal Tests of Inconel Tubing Exposed to

Flowing NaF-ZrF4·UF4 (50·46·4 Mole %, Fuel 30)

Tubing size: ~ in. 00, 0.035-in. wall

Maximum Depth of Attack (mils) and Type of
Duration of Run T emperoture Subsurface- Void Formation

Run (hr) (OF)
General Intergranu Iar

ET-F 5 1615 None None

-M 100 1580 5 None

-p 59 1600 4

operation. The heater sections used for runs

ET-O and ET-Q were 8 in. long. A fresh fluoride

salt mixture was charged to a new system for run

ET·O, and the same salt mixture and tanks were

then used success ively in runs ET-P and ET -0.

The results of these runs are shown in Figs.

1.7.8, 1.7.9, and 1.7.10. The specimen from high­

frequency run ET·O shows a higher frequency of

attack than does the specimen from the low­

frequency run ET-0. Th i s compar i son is in rea'

sonabl e agreement with the prev ious Iy reported

comparisons] of run ET-G with run ET-J and of

run ET·I with run ET-K. The attack in the iso­

thermal run ET-P, although higher than that ob-

7H. W. Hoffman and D. P. Gregory, ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 282.
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served under isothermal conditions in thermal

convection or forced-circulation loops, is less than

that for runs ET-O or ET-O. The high isothermal

attack may be the result of the surface area-to­

volume ratio present in this system. However,

since even in the isothermal runs there was some

low.temperature-di fference low-frequency cyc ling,

the explanation for the high isothermal attack is

not yet clear.

Runs ET-R and ET-U (Figs. 1.7.11 and 1.7.14)

were made under es senti ally ident i ca I temperature

conditions. However, fresh salt and a new system

were used for run E T -R, wh i Ie the sa It and system

for run ET-U had been used successively through

runs ET-R, ET-S, and ET-T (approximately 250
hr). The specimen from run ET -U shows a some­

what finer void size than does the specimen from

run ET-R, but both specimens show intergranular
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Fig. 1.7.7. Run ET-M. Inconel Tubing After Exposure

to Flowing NaF-ZrF 4-UF 4 (50-46-4 Mole %, Fuel 30)

at 15800 F (Isothermal) for 100 hr. Etchant: modified

aqua regia. 250X. Reduced 32%. (Secret with caption)

Fig. 1.7.9. Run ET.P. Inconel Tubing After Ex-

posure to Flowing NaF-ZrF 4-UF 4 (50-46-4 Mole %,

Fuel 30) at 16000 F (Isothermal) for 59 hr. Etchant:

modified aqua regia. 250X. Reduced 32%. (Secret

wi th caption)
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Fig. 1.7.8. Run ET-O. Specimen from Test Section

of Inconel Tubing After Thermal Cycling While Exposed

to Flowing NaF-ZrF 4-UF 4 (50-46-4 Mole %, Fuel 30).

Cycle frequency: 0.4 cps. Cycle temperatures:

1600 ± 20°F. Duration of test: 59 hr. Etchant:

modified aqua regia. 250X. Reduced 32%. (Secret

with caption)

Fig. 1.7.10. Run ET-Q. Specimen from Test Section

of Inconel Tubing After Thermal Cycling While Exposed

to Flowing NaF·ZrF 4-UF 4 (50-46-4 Mole %. Fuel 30).

Cycle frequency: 0.01 cps. Cycle temperatures:

16600 F during holf of cycle and 1600° F during other

half of cycle. Duration of test: 59 hr. Etchant:

modified aqua regia. 250X. Reduced 32%. (Secret

with caption)

:
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Fig. 1.7.11. Run ET-R. Specimen from Test Section

of Inconel Tubing After Thermol Cycling While Exposed

to Flowing NoF-ZrF 4-UF 4 (50-46-4 Mole %, Fuel 30).

Cycle frequency: 0,4 cps. Cycle temperotures:

1615 ± 30°F. Durotion of test 100 hr. Etchont:

modified aqua regia. 2S0X. Reduced 32%. (Secret

with coption)

Fig. 1.7.13. Run ET-T. Specimen from Heater Section

of Inconel Tubing After Thermal Cycling While Exposed

to Flowing NaF-ZrF 4-UF 4 (50-46-4 Mole %, Fuel 30).

Cycle frequency: 0.4 cps. Cycle temperatures:

1600 ± 25°F. Duration of test: 97 hr. Etchant:

modified aqua regia. 250X. Reduced 32%. (Secret with

caption)
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Fig. 1.7.12. Run ET-S. Specimen from Heater Section

of Inconel Tubing After Thermo I Cycling While Exposed

to Flowing NoF-ZrF4 -UF 4 (50-46-4 Mole %, Fuel 30).

Cycle frequency: 0,4 cps. Cycle temperatures:

1600 ± 22°F. Duration of test: 50 hr. Etchant:

modified aqua regia. 250X. Reduced 32%. (Secret with

caption)

Fig. 1.7.14. Run ET-U. Specimen from Test Section

of Inconel Tubing After Thermo I Cyc ling Wh ile Exposed

to Flowing NaF·ZrF 4·UF 4 (50-46-4 Mole %, Fuel 30).

Cycle frequency: 0.4 cps. Cycle temperatures:

1625 ± 20°F. Duration of test: 100 hr. Etchant:

modified aqua regia. 250X. Reduced 32%. (Secret with

caption)
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stringers and general corrosion to approximately
the same depths. Since the specimens from runs
ET-R and ET-U are reasonable duplicates, it
appears on the bas i s of these two runs that the

thermal cycling results are independent (within
limits) of the prior use of the salt mixture and the

system.

Liquid (648 to 914DC)

HT - H 300C = -40.5 + 0.323T -

- (6.87 X 1O- 5 )T 2

c p 0.323 - (13.74 X 1O- 5 )T

0.227 at 700DC

45

UF 4 (sol id)

H
T

- H30D C

Heat of fusion (6100C)

HT (Iiq) - HT (solid)

In these expressions

H enthalpy in cal/g,

c p heat capacity in cal/g.DC,

T temperature in DC.

Measurements are being made for obtaining the
heat of fusion of the compound UF 4. To date only
the enthalpy and the heat capacity in the solid
state have been determined. The results are given
below:

-2.25 + 0.085T +

+ (1.52 x 1O-5)T2

c p 0.085 + (3.04 x 1O-5)T

After several measurements of the liquid state
(melting point of UF4 = 1036°C) were made, the
capsules hod weakened and one broke. A stronger
capsule was therefore designed and is now being
fabri cated. The enthal py data from both the so lid

and the liquid state measurements will be used to
establish the heat of fusion of UF 4'-6.20 + 0.151T

NaF-ZrF 4-UF 4 (50-25-25 mole %)

So lid (120 to 458"C)

PHYSICAL PROPERTIES

S. I. Cohen N. D. Greene
W. R. Gambill W. D. Powers

E ntha Ipy and Heat Capac ity

The enthalpy and heat capacity for the mixture
NaF-ZrF 4-UF 4 (50-25-25 mole %) were redeter­
mined with the use of the copper-block calorimeter.
In the previous measurements made with the use
of Bunsen ice calorimeters, the heat capacity of
this mixture was found to be 10.90 cal/g-atom,
which was considerably higher than the average of
8.11 cal/g-atom found for all the other zirconium
fluoride-containing salts studied. 8 It was felt
that this difference resulted in part from the high
melting temperature of the salt mixture and the
subsquent sma II temperature range over wh ich
the liquid was tested. The more precise measure­
ment capable in the copper-block calorimeter
resulted in a new value of 9.16 cal/g-atom for the
NaF-ZrF 4-UF 4 (50-25-75 mole %) mixture. The
results are listed below:

c=0.151
/J

8W• D. Powers and G. C. Blalock, Enthalpies and
Heat Capacities o{ Solid and Molten Fluoride Mixtures,
ORNL-1956 (Jan. 1, 1956).

Viscosity

Viscosity measurements were mode for three
mixtures in the NaF-RbF-ZrF 4-UF4 system. The
results, presented in Table 1.7.4, can be described

T abl e 1. 7.4. Summary of Viscosity Measurements of Mixtures in the NaF-RbF-ZrF4- UF4 System

Mixture Composition (mole %)
Liquidus Viscosity (centipoises)

Temperature
At 600°C At 700°C At 800°CNaF RbF ZrF4 UF4 (0C)

:
5.0 54.5 34.5 6.0 545 8.0 4.8 3.3

~

44.5 15.0 34.5 6.0 540 7.5 4.75 3.5

37.5 9.5 47.0 6.0 540 9.5 5.2 3.5
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by the several schemes for viscosity correlation

previously reported. 9

Thermal Conductivity

The variable-gap device for the measurement of

thermal conductivity was redesigned to eliminate

the effects of varying the heating rate. Erratic

results were obtained from measurements with two

samples of the mixture NaF-ZrF4- UF 4 (56-39-5

mole %) as the rate of heat flow was varied. The

first modification of the system involved provisions

for the measurement of the heat flow above and

below the sample, and the modified system is

currently being tested with liquids of known thermal

conductivity. The design of a second device that

incorporates a rna jor modi fi cation of the var iable­

gap device was completed. The new design in­

corporates three sets of individually controllable

9Summarized in S. I. Cohen and T. N. Jones, Visocity
Measurements on Molten Fluoride Mixtures, ORNL-2278
(to be issued).
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heaters, both above and below the test sample,

in addition to a number of external guard heaters.

Provisions were also made for many times the

present number of thermocouples. With the many

more heating circuits and thermocouples, it should

be possible to ensure that one-dimensional heat

flow will exist in the salt sample regardless of

the rate of heat input.

E lectrica I Conductivity

An Inconel conductivity cell for use in determining

the specific electrical conductivity of liquid sodium

and sodium-potassium alloy was designed and

fabricated. The purpose of this investigation is

to obtain reliable, absolute values of the con­

ductivities of these metals in the temperature

range of 200 to 14000F for use in calibrating the

ART electromagnetic f1owmeters. The measure­

ments of sodium-potassium alloys will cover those

compositions of interest to the ANP program.

:
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2.1. PHASE EQUILIBRIUM STUDIES'

C. J. Barton R. E. Moore R. E. Thoma
H. Insley, Consultant

MODIFICATION OF APPARATUS FOR
THERMAL ANALYSIS

H. A. Friedman

Thermal analysis has been the most important
exploratory technique used in phase-equilibrium
studies at ORNL. For such analyses relatively
large charges of melt (50 to 200 g) are maintained
under a flowing atmosphere of helium and are
stirred to assure homogeneity and to minimize
temperature gradients in the liquid. Since several
thermal excursions through the solidus and liquidus
ar~ used in each experiment, mixtures containing
high concentrations of a volatile constituent
change appreciably in composition during the ex­
periment.

In order to minimize the losses by vaporization,
a simple modification was made to the apparatus.
The therma I analys is cruci ble is fitted wi th a di sk
of graphite that is drilled to accommodate the
stirrer shaft and the thermocouple well. The
diameter of the graphite disk is 0.1 in. less than
the inside diameter of the cruci ble. When the
charge of salt is melted, the graphite disk floats
on the molten mixture, whose free surface is thus
reduced nearly to zero. By using this technique
it has been possi ble to subject samples containing
80 mole % ZrF

4
to thermal analysis with negligible

loss in weight of the sample.

VISUAL OBSERVATION AND DIFFERENTIAL
THERMAL ANALYSIS OF SMALL
QUANTITIES OF FUSED SALTS

R. J. She; I

The Leitz vacuum hot-stage microscope, which
it was hoped could be used for visual observation
of small quantities of fused salts in an inert
atmosphere at high temperatures, was found to be
unsatisfactory for this purpose. The design of
the equipment permitted large thermal gradients

1The petrographi c exam; notions reported here were
performed by H. Insley and T. N. McVoy. Consultants.
G. D. White, Metallurgy Division. and B. S. Landau.
Chemi stry Divi sion. The x-roy examinations were
performed by R. E. Thoma. Chemistry Division.

and made measurements of melt temperatures ex­
tremely unreliable. Since equipment that permits
therma I data to be obtained wi th Iess than 1 g
quantities af fused salts would be highly desirable
for work with radioactive or toxic materials, the
experience obtained with the commercial equipment
was utilized in designing a new vacuum furnace
that is adaptable to microscopic observatian. This
apparatus contains two concentric tubes of Alundum
or other suitable insulating material. The inner
tube is wound with a spiral of platinum-rhodium
wire to provide resistance heating. A cylindrical
nickel block 1 in. in diameter and 1 in. in
thickness has a ~.in .•dia tube drilled in it to
provide a sample compartment which can be lined
with thin metal foil to facilitate removal of fused­
salt samples. The furnace is enclosed in a
vacuum-tight container equipped with a glass
window through which the samples can be 'observed
by means of a low-power mi croscope. Melt temper­
atures are measured with a thermocouple junction
immersed directly in the melt.

This apparatus was tested initially for visual
observation of liquidus and solidus temperatures
by using approximately 0.15 g of the NaF-KF-Li F
eutectic as the test material. When the sample
was heated at a rate of about 17°C/min, values
ranging from 444 to 457°C were obtained for the
first appearance of liquid and from 464 to 475°C
for complete melting. More consistent results were
obtained upon cooling at approximately the same
rate. Values ranging from 455 to 460°C for the
first appearance of crystals and from 451 to 460°C
for the solidus temperature were observed. A
value of 459.5 ± 1.5°C for the freezing point of
th is mi xture was obtained by a di Herent method
by another ORNL investigotor. 2 The use of slower
heating and cool ing rates wou Id undoubtedly
improve the reproducibility of the data, but these
prel imi nary vi sual observation s in dicated that
reasonably accurate melt temperatures can be
measured with only 150 mg of material.

Liquidus determinations by visual observation
are subject to some uncertainty when the melts

2M• BI onder. unpubl i shed data.
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are strongly colored, and therefore it seemed
desirable to adapt this apparatus to the use of
the differential thermal analysis technique. Only
simple modifications to the apparatus were re­
quired. Two holes were drilled in the nickel
block, symmetrica Ily arranged, and two opposed
thermocouple junctions, one for the sample and
the other for the reference material (alumina),
were introduced. The instrumentation is the same
as that previously used for simi lar determinations.
A Leeds & Northrup doc amplifier is used to
amplify the difference in emf between the opposed

iunction s before it is fed into an X- Y recorder.
The temperature of the sample is recorded on the
Y-axis of the recorder. Sharp breaks in the differ­
ential trace were obtained with the NaF-KF-LiF
eutectic in both the heating and the cooling cycles.
The heating breaks in three experiments varied
from 457 to 459°C, and the cooling breaks occurred
at 461 and 459°e.

The principal difficulty observed with thi s appa­
ratus has been failure to keep NaF-ZrF mixtures
in the sample compartment regardles\ of the
composition of the liner material. Similar behavior
was observed with an NaF-UF 4 mixture, in which
case the liquid was seen to be leaving the com­
partment by way of the thermocouple wires. It is
expected that wider spacing of the thermocouple

wires and the use of taller containers will help
to minimize and possibly eliminate the creep
problem.

THE SYSTEM LiF-UF 4

H. A. Friedman R. E. Moore

Recent quenching work with mixtures in the
LiF-UF 4 systems that contain 20 to 32 mole % UF 4
has confirmed the liquidus and solidus relation­
ships previously reported. 3 It was found, however,
that the compound 4LiF.UF 4 undergoes very slow
subsolidus decomposition to Li F and 7Li F.6UF
at about 470°e. A series of samples of a mixtur~
containing 28 mole % UF 4' which originally con­
tained no free Li F, was heated overnight and
quenched from temperatures both above and below
470°e. Just below 470°C, Li F and 7Li F·6UF

. 4
were found, but, at stili lower temperatures,
4Li F.UF4 was found in addition to the other two

3
R. E. Moore, ANP Quar. Prog. Rep. Dec. 10, 1955,

ORNL·2012, p 77.
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phases. Complete decomposition was apparently
not achieved at the lower temperatures.

Thermal analysis studies showed that liquids
containing 20 to 32 mole % UF 4 undercool readily
if the melt is first heated to over 800°e. Two
undercooling halts occur in the cooling curves at
about 460 to 480°C, and the resulting mixtures
contain 4Li F.UF4' Li F, and 7Li F.6UF. If the
liquid is first heated only to 600°C, the under­
cooling effect is absent, and a eutectic type of
halt is obtained at about 490°e. The solidified
mixtures from this type of experiment contain only
LiF and 7LiF.6UF

4
, which are the phases to be

expected if 4Li F.UF 4 decomposes during the
cooling; in this event the cooling curve should
indicate a thermal effect at 470°C, as well as
the eutectic halt at about 490°e. Because of
the absence of the 470°C effect and the sluggi sh
nature of the decomposition of 4Li F.UF 4' it did
not seem to be likely that the absence of 4Li F·UF
could be explained by its decomposition. Thes:
mixtures therefore had apparently cooled to a
metastable eutectic between Li F and 7Li F·6UF 4'
wh ich must freeze only a few degrees below the
freezing point at 490°C of the stable eutectic

between 4LiF·UF 4 and 7LiF.6UF 4'

In view of the existence of the peculiar thermal
effects in the range 20 to 32 mole % UF a

4'
seeding experiment on a mixture containing 24
mole % UF 4 was c,onducted to be sure that the
quenching results previously obtained truly charac­
terize equi librium conditions. The mixture was
heated to over 800°C and seeded upon cooling
with small amounts of a mixture of the same
composition that contained all the phases found
in that region [Li F, 4LiF·UF 4' 7LiF·6UF , and
"3Li F·UF/' (ref 4)]. The seed materia

4
1 was

added at intervals of about 100C after the mixture
had cooled to about 560°e. The cooling curve
had halts at 485 and 480°C, with no evidence of
undercooling. Petrographic examination of the
mixture after it had cooled to room temperature
showed that it consisted of 4Li F·UF 7Li F·6UF4' 4'
and a small amount of LiF. These results are in
accordance with the results of quenching studies,
except that the temperatures of the thermal effects
are about 100C lower.

4 B. A. Soderberg, R. E. Moore, and H. Davi 5, ANP
Quat'. Prog. Rep. Sept. 10, 1956, ORNL-2157, p 87.
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THE SYSTE M LiF ·CeF 3

R. J. Shei I L. M. Bratcher

The high-temperature furnace previous Iy u sed in
the study of the RbF-CaF 2 systemS was used for
visual observations of liquidus temperatures of
mixtures in the LiF-CeF 3 system. A eutectic
containing 19 mole % CeF3 and melting at
755 ± SoC was previously reported 6 to exist in
this system. The earlier efforts to complete the
diagram were unsuccessful because no reliable

I iquidus va lues could be obtained with mixtures
containing more than 19 mole % CeF3 •

I t appears that the therma I anal ys is apparatus
in use at that time was not sufficiently sensitive
to detect the small heat effect associated with

the separation of CeF3 from the melt. This
difficulty was probably associated with heat con­
duction by the thermocouple well used to protect
the thermocouples. With a Pt-Pt + 10% Rh thermo­
couple immersed directly in the melt, it was
possible to detect thermally the crystallization

of CeF 3 at the same time the cry stal s were
observed visually to be forming in the melt. The
diagram shown in Fig. 2.1.1 is a composite of
the thermal analysis data obtained earlier (solid
circles) and the recent data (open circles). The
melting point of CeF 3 used in Fig. 2.1.1 (1460°C)
is the literature value.? Examination of several
s lowly cooled melts showed on Iy Li F and CeF 3

to be present, and this confirmed the thermal
indications of the absence of complex compounds
in this system.

THE SYSTEM NaF.HfF 4

B. S. Landau H. A. Friedman
R. E. Thoma

The Hf4+ cation radius (0.86 A) is so nearly
4+ °the same as that of Zr (0.87 A) that the systems

NaF-HfF 4 and NaF-ZrF4 are probably quite similar.
A preliminary study of the similarities was in·
itiated recently with thermal analysis and thermal.
gradient quenching experiments with compositions

in the NaF-HfF4 system. In these experiments
. three NaF-HfF4 compounds, analogs of NaF-ZrF4

compounds, were di scovered. The mel ting charac·
teri sti cs of the ana logous compounds are gi ven
in Table 2.1.1, and the optical and x-ray data
are listed in the section of thi s chapter on
"Optical Properties and X-Ray Diffraction Patterns

for Compounds in Fluoride Systems." The x-ray

Table 2.1.1. Melting Characteristics of Analogous
Compounds in the System NaF-ZrF4 and NaF-HfF4

Melting
Compound Point Type of
Formula (0C) Compound

3NaF·ZrF4 850 Congruent

3NaF·HfF4 850 Congruent

2NaF·ZrF4 625 Incongruent; primary phase,

3NaF'ZrF4

2NaF·HfF4 555 Incongruent; primary phase,

3NaF·HfF4

7NaF'6ZrF4 520 Congruent

7NaF·6HfF4 540 Probabl y congruent

other, and, although the
planes are identical,
isomorphous, as is
properties.

spacings of the principal
the compounds are not

shown by their optical

:

diffraction patterns for the analogous pairs

7NaF.6ZrF4-7NaF.6HfF4 and (34 2NaF.ZrF 4­
2NaF·HfF4 are so nearly identical as to be
interchangeable for 7NaF·6ZrF4-7NaF.6HfF 4 and
almost interchangeable for (34 2NaF.ZrF4­

2NaF·HfF4' Although 2NaF·ZrF 4 displays five
polymorphic forms, the 2NaF·HfF 4 observed in
the thermal-gradient quenching experiments oc­
curred on Iy in one form, the analog of (34

2NaF·ZrF 4' which is the lowest temperature poly­
morph of 2NaF.ZrF4 . The x-ray patterns of

3NaF·ZrF4 and 3NaF.HfF4 strongly resemble each

THE SYSTEM KF.BeF 2

R. E. Meadows R. J. Sheil

The compound KF.BeF 2 crystallizes too rapidly
from the melts in the system "KF-BeF 2 to permit
determination of its melting relationships by the

SL, M. Bratcher and R. J. Sheil, ANP Quar. Prog. Rep.
Dec. 31, 1956, ORNL-2221, p 109.

6L, M. Bratcher, ANP Quar. Prog. Rep. june 10, 1956,
ORNL-2106, p 89.

7H. von Wartenberg, Z. anorg. aI/gem Chem 244, 337
( 1940).
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Fig. 2.1.1. The System LiF-CeF 3•

use of the quenching method. B When this material
was subjected to thermal analysis in an apparatus
in which its behavior could be observed vi sually,
the data, presented in Table 2.1.2, indicated an
incongruent melting point of 390°C and a peritectic
composition with about 52.5 mole % BeF 2 •

X-ray examinations of equi librated and quenched
materials have shown the inversion temperature of
a and f3 KF·2BeF 2 to be 334°C. The high­
temperature modification, a KF.2BeF 2, is the one
found in slowly cooled preparations, presumably
because the inversion is too slow to permit for­
mation of the f3 form at normal cooling rates.

BL• M. Bratcher and R. E. Meadows, ANP Quar. Prog.
Rep. Dec. 31. 1956. ORNL-2221. p 115.
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Table 2.1.2. Vi Suo I-Observation Data for

KF-BeF2 Mixtures

Observed Observed
Compos it ion Liquidus Sol idus

(mole % Be F 2) (OC) (OC)

46 557 (385)*

48 542 (385)*

SO 447 390

52 413 390

54 388 330

*Values in parentheses were established with less
certainty than the others.



•

Recent studies have shown no evidence of the
previously reported 8 possibility of subsolidus de­
composition of KF.2BeF 2 into KF.BeF 2 and BeF

2
,

The solidus temperature between KF.BeF
2

and
KF.2BeF 2 is 330°C; the eutectic mixture contains
59 mole % BeF 2 •

The compound 2KF.BeF 2 was found as crystals
wi th rounded corners and edges in samples con­
taining 33.3 to 47 mole % BeF

2
that were equili­

brated above 370°C and quenched. Although the
row material s for these preparations were well­
crystallized 2KF.BeF 2 and KF.BeF

2
, the rounded

grains were obtained regardless of whether the
equilibrium temperature was approached from abovl:!
or below.

Rounded crystals are often considered evidence
for the existence of immiscible liquid phases.
This possibility can be eliminated because the
rounded crystals consisted of single-phase

PERIOD ENDING MARCH 37,7957

2KF.BeF
2

• No explanation for the rounded grains
can be offered at present.

Thermal analysis showed an inversion of
2KF.BeF 2 at 690°C. The inversion was so rapid,
however, that only one modification (the f3 or
low-te"llerature form) was found in samples
quenched after equilibration at temperatures above
and below 6900C.

The solidus temperature between 3KF.BeF 2 and
2KF.BeF 2 (730°C), which was previously de­
termined by thermal analysis, was confirmed by
quenches of compositions with 27 and 30 mole %
BeF 2• The liquidus and solidus temperatures for
the mixture containing 27 mole % BeF2 are nearly
the same, and thus it appears that this composition
is near the eutectic composition. The phase­
equilibrium diagram for this system is presented
as Fig. 2.1.2.
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NaF-ZrF 4-STRUCTURAL METAL FLUORIDE

SYSTE MS

primary phase field of thi s material does not

contact that of a sodium compound. Therefore

4LiF·UF 4 is not an apex of a compatibility

triang Ie.
The compound 5NaF·3UF 4 was shown to exist

at the liquidus in the ternary system, and the

extent of its primary phase field was established.

Boundary paths separating the phase fields of

Li F·4UF4 and NaF·2UF4' Li F·4UF4 and 7Li F·UF4'
and 7NaF·6UF 4 and 7LiF·6UF 4 were also es­
tabl ished. The boundary paths between the

7NaF·6UF 4 and 7Li F·6UF4 phase fields were
difficult to establish because of the extensive

solid solution which occurs between these two

compounds.

Phase equilibrium studies of the systems NaF­

CrF2-ZrF4' NaF-FeF2 -ZrF4' and NaF-Ni F 2-ZrF4
were made during the quarter in order to determine

the formula and phase relationships of the ternary

compound in each of these systems. Only one
ternary compound was observed in each sy stem.

The phases identified in several slowly cooled
melts (50-g quantities) indicate, as shown in

Table 2.1.3, that the NaF-CrF 2-ZrF4 ternary
compound probably has one of the formulas

NaF·Cr F2 ·ZrF4' 3NaF.3CrF 2 ·4ZrF4' NaF·CrF 2'

2ZrF4, or NaF.CrF2 ·3ZrF4 • The compound is
isomorphous with its analog in each of the three
sy stems, and therefore it is Ii kely to have the
same stoichiometric formula in the three cases.

Thermal analysis and thermal-gradient quenching
experiments were made along the join NaF·C, F 2­

ZrF4' which includes all the possible ternary
compound formulas' mentioned above. Equi Ii brium

conditions were not approached closely enough for
a determination of the formula by the use of phase­
equilibrium experimental techniques. The compo­

s ition that produced the most near Iy sin gl e-phase

material was NaF.Crf2 ·2ZrF4 • Single crystals

of the NaF-FeF 2-ZrF4 ternary compound were
obtained from a portion of a slowly cooled melt

containing 331~ mole % of each component of the
mixture. Chemical analysis of the sample showed
that the composition of the compound is NaF· FeF

2
•

2ZrF 4" The isomorphism displayed by the analogs
of this compound in the NaF-CrF 2 -ZrF

4
and

ANP PROJECT PROGRESS REPORT

THE SYSTEM NaF-RbF-BeF 2

R. E. Meadows

Quenching studies of the NaF-RbF-BeF 2 system

were started recently. The only ternary com­

pound previously reported in the low-SeF 2 part
of the system was tentatively identified 9 as

2NaF.RbF.BeF 2 on the basis of petrographic and

x-ray studies of slowly cooled melts. Exami­

nations of quenched compositions on the join

NaF-RbF.BeF 2 indicate that the compound probably

contains closer to 45 than 50 mole % NaF, but

further study is needed to establish the identity
of this phase conclusively. Previous examinations

of slowly cooled compositions establi shed the join

NaF-RbF.BeF 2 as a binary system. Quenches of
mixtures on the join containing 33.3 and 40 mole %
Na F have shown that the ternary compound is

the primary phase, that the sol i du s temperature

is 452°C, and that RbF.BeF 2 is the other phase
below the solidus. The phase relationships be­

tween the liquidus and solidus are not clear, as
yet, and more work is required in this region.

THE SYSTEM NaF-LIF-UF 4

H. A. Friedman B. S. Landau

A large number of therma I-gradient quench ing

experiments completed during the quarter have

shown the tentative phase-equilibrium diagram

previously reported 10 for the system NaF-LiF-UF 4
to be in error in several respects. A revised
diagram is presented as Fig. 2.1.3. The un-
identified material reported previously to be a
ternary compound wa s found 11 to be the compound

Na F .2U F4' whi ch ha s been shown to have a
primary phase field in the ternary system. This
compound thus became an apex of the compatibility

triangle NaF·2UF4-7Li F·6UF4-7NaF.6UF 4'
The compound 3Na F·UF 4 is unstable below

497°C, and it is accordingly impossible for the
primary phase field of Li F to contact that of

3NaF·UF4. The latter compound is not therefore
an apex of a compatibi Iity triangle. The compound

4LiF.UF4 is unstable below 470°C, and the

9L• M. Bratcher, ANP Quar. Prog. Rep. Sept. 10.
1956, ORNL-2157, p 94.

10 H• A. Friedman et aI., ANP Quar. Prog. Rep. Dec.
10, 1955, ORNL-2012, p 78-81, esp. Fig. 4.3.

l1 R• E. Moore, ANP Quar. Proll Rep. March 10, 1956,
ORNL-2061, p 72.
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Fig.2.1.3. The System NaF·LiF·UF 4'

NaF-Ni F2-ZrF4 systems indicates that the for­
mulas for the ternary compounds in those systems
are almost surely NaF.CrF 2·2ZrF 4 and NaF.NiF 2·
2ZrF4' A tentative diagram for a portion of the
join NaF-CrF 2-ZrF4 is shown in Fig. 2.1.4.

The very large thermal range of the CrF2 ·ZrF4
primary phase field (see Fig. 2.1.4) suggests that

it may be the saturating phase for solutions of
CrF 2 in NaF-ZrF 4 (53.47 mole %). Further ex­
periments to outl ine the extent of the CrF 2· ZrF 4

and the analogous FeF 2 ·ZrF4 and NiF2·ZrF4
primary phase fields will be initiated. Optical

and x-ray data for the compounds Na F·CrF 2· 2ZrF4'

NaF.FeF 2·2ZrF4 , and NaF.NiF2·2ZrF4 are pre·
sented in the following section.
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Table 2.1.3. Phases Observed in Slawly Cooled Melts In the System NaF.CrF2-ZrF4

Composition (mole %)
Phases Observed*

NaF CrF 2 ZrF4

50 15 35 2N a F ·Zr F4' ternary compound

46 15 39 2Na F ·Zr F4' ternary compound

43 15 42 2Na F ·Zr F4' ternary compound, CrF 2 ·ZrF4

45 10 45 2NaF,ZrF4' 7NaF'6ZrF4' ternary compound, CrF 2·ZrF4

48 5 47 2NoF.ZrF4, 7NaF.6ZrF4, ternary compound, CrF 2·ZrF
4

51 5 44 7Na F '6Zr F4' ternory compound

*Identificotion made by petrographic and x-ray diffraction examination.

I
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Optical Data

2KCI.FeCI
2

12 R• E. Thoma et aI., ANP Quar. Prog. Rep. Dec. 10,
1955. ORNL-2012, p 101.
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1/1 1
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100

50
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25

15

50

15

15

15

25

30

25

1.987

1.972

1.868

Uniaxial positive

N", == 1.600

N e == 1.636

X-Ray Data

d(X)

7.5

7.2

Biaxial positive

No '= 1.700

Ny == 1.740

X-Ray Data

d(X)

6.02

5.69

4.06

3.47

3.10

2.86

2.675

2.615

2.590

2.518

2.489

2.467

2.203

2.108

2.022

1.994

1.884
1.749

Optical Data

Optical and x-ray data were reported previously 12

for KF'2BeF 2 (printed incorrectly as KF·2BeF 4)' The

discovery of the low-temperature form, f3 KF '2Be F2'
requires that the previously reported form be desig­

nated a KF·2Be F 2'

X-Ray Data
0

d(A) 1/11

8.20 20

7.25 10

6.56 10

6.19 5

5.40 15

5.20 5

4.93 30

4.48 25

4.29 15

4.15 20

3.88 100

3.74 40

3.34 20

3.25 100

3.14 35

3.01 100

2.644 40

2.501 20

2.455 10

2.270 25

2.253 5

2.164 80

2.074 40

f3 KF.2BeF2

Biaxial; sign nat determined

Mean refractive index, 1.319

The identifying characteristics of some new com­
pounds encountered in Rhase studies are listed

o
below. The symbol d(A) denotes the distance
between reflecting planes measured in angstroms.
The term //1 1 refers to the relative intensity of
the I ines a s compared wi th an arbitrary va lu e
of 100 for the strongest line. Under optical

properties, N a. and Ny refer to the lowest and
highest indices of refraction, respectively, for
biaxial crystals, and 2v refers to the acute angle
between the optic axes in biaxial crystals; N",
and Ne refer to the ordinary and extraordinary
indices of refraction of uniaxial crystals.

Optical Data

OPTICAL PROPERTIES AND X-RAY

DIFFRACTION PATTERNS FOR COMPOUNDS

IN FLUORIDE SYSTEMS

H. Insley T. N. McVay
B. S. Landau R. E. Thoma
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0

d(A) 1/1 1

4.17 30

3.43 30

3.11 25

2.89 20

2.83 100

2.75 30

2.695 35

2.675 100

2.495 15

2.276 30

2.243 15

2.124 15

1.980 15

1.957 10

1.940 35

1.924 50

1.899 10

1.851 10

1.832 25

1.789 15

3NaF·HfF4

Optical Data

Mean refroctive index, slightly less

than 1.386

Biaxial negative, 2V == 40 deg

X-Roy Data
0

d(A) 111 1

5.26 80

4.74 100

3.75 70

3.06 100

2.93 40

2.373 15

2.321 35

2.154 20

2.120 5

1.967 25

1.883 20

1.872 50

1.770 10

1.685 5

1.604 25

100

Optical Data

Biaxial positive, 2V == 40 to 60 deg

Mean refractive index, slightly less

than 1.386

Low birefringence, ""0.006

X-Ray Data

d(X) 1//
1

8.01 30

6.39 5

5.54 30

5.13 100

4.80 90

4.49 20

4.33 40

3.99 75

3.82 90

3.55 5

3.24 90

3.08 20

3.02 80

2.88 10

2.822 5

2.755 40

2.706 5

2.667 20

2.564 20

2.529 10

2.405 25

2.361 10
2.327 10
2.301 5
2.242 10
2.194 5
2.154 10

2.034 25
2.008 10

1.979 10

1.935 20

1.898 40

1.840 15

1.819 20

1.792 5

1.754 10

1.712 25

1.599 25
1.567 15

1.535 5
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Optical Data

Biaxial negative

Exhibits polysynthetic twinning

Mean refractive index, ""1.456
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Opti cal Data

Biaxial positive

Exhibits polysynthetic twinning

Mean refractive index, ""1.460

SUBCONTRACT WORK AT MOUND

LABORATORY AND AT BATTELLE

MEMOR IA L INSTITUTE

During the period covered by this report the
Mound Laboratory continued investigations of
beryllium-containing fluoride mixtures of interest
to the ANP program. This work included phase
equilibrium studies of the following systems:

Li F-BeF2-UF4' NaF-BeF 2-UF 4' liF-RbF-BeF 2 •

In addition density and viscosity values were
obtained for various compositions of these mixtures
at 600, 700, and 800°e. This work is reported in
detail in Mound Laboratory memoranda numbered
57-1-28 an d 57-2-24.

Studies of interest to ANP were also continued
at the Battelle Memorial Institute under subcontract
No. 982. Determinations of the vapor pressure
of three compositions of the RbF-ZrF 4 system by
the transpiration method were carried out, and
fabrication and assembly are under way on appa­
ratus for the static method of determining vapor
pressures. The transport of chromium from Inconel
exposed to the NaF.ZrF 4 -UF 4 salt system is being
studied by using Cr 51 -labeled CrF 2 , Apparatus
is being bui It for determining the absorption

spectra of fused mixtures of the fluorides of
sodium, uranium, and zirconium. Studies of the

stability of uranium-bearing liquid-metal slurries
are continuing. This work is reported in detail
in report BMI·ll71, issued February 20,1957.

X-Ray Data
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4.06 100

3.86 10

3.48 50

3.43 30

3.31 45

2.622 15

2.194 25
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1.739 20

Optical Data

Biaxial negative, 2V = 75 deg

Na = 1.452, Ny = 1.459

Exhibits polysynthetic twinning

Compound is probably monoclinic

X-Ray Data
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3.79 5

3.69 5

3.36 100
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2.034 20

1.943 40

1.812 5

1.757 15

1.733 20

1.682 30

1.513 20

X-Ray Data
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4.05

3.34

2.500

2.022

1.932

1.670

1/1 1
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35

25

100

100

10

25

15
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2.2. CHEMICAL REACTIONS IN MOL TEN SALTS ...
F. F. Blankenship
R. F. Newton

L. G. Overhol ser
G. M. Watson

UNCLASSIFIED

ORNl-lR-DWG 20235

includes values not far from the concentration of

Ni F 2 in the saturated solution at this temperature.
The most dilute solution studied contained 85 ppm

Ni as NiF 2' and the most concentrated solution
had 313 ppm. The solubility of NiF 2 in this
solvent at 550°C was determined to be 352 ± 11
ppm, as described below.

! I I !
1-- • EXPERIMENTAL POINTS FOR EQUILIBRIUM AT 550'C_

I-- 0 SOLUBILITY = 352 ±It ppm Ni AS NiF21fi..-_I--
I NaF-ZrF4 (53-47male%) I

l---l PH~K=---
-- X XN·F PH

'
2

2 J ~'"

------b~"'.OOo -
- I '" 1<,0 'f-. ' •.!----

J ~I\\-/"~t.\)'I'\<O .0< I--

\ll.-C>- ~r'c,c>-I.-c, __..

Yt
5.04.030

X
NiF2

(mole fraction)

2010
o

o

2.0

fO

3.0
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~
N""I 4.0

90
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EQUILIBRIUM REDUCTION OF NIF 2 BY H2
IN NaF.ZrF 4

C. M. Blood

Investigation of the equilibrium

NiF 2 (d) + H2 (g) ~ Ni (s) + 2HF (g)

In NaF-ZrF 4 (53.47 mole %) at 550°C was con­
cluded during the quarter, and the additional data
obtained are summarized in Table 2.2.1. The new
data were combined with the data previously
obtained l at 550°C, and the values are plotted
in Fi g. 2.2.1. A straight I ine drawn from the
origin with a slope of 0.76 x 104 atm, numerically

equal to K , may be seen to agree quite well withx
the experimental results. This line has been
extended to the value of the solubility of NiF 2
in th is sol vent at 550° C. Ac cord ing Iy, it is
o bserved that, wi th in th e prec is i on of the ex­
periment, Kx is independent of the NiF 2 concen­
tration over the concentration range studied, which

1C. M. Blood and G. M. Palmer, ANP Quar. Prog. Rep.
Dec. 31. 1956, ORNL-2221, p 120.

Fig. 2.2.1. Equilibrium Reduction of NiF 2 by H2 in

NaF·ZrF4'

T obi e 2.2.1. Equilibrium Ratios for the Reaction NiF 2 (d) + H2 (g)~ Ni (5) + 2HF (g)

at 5500C in NaF.ZrF 4 (53·47 Mole %)

Ni in Melt Pressure of H2 Pressure of H F K*
(ppm) (otm) (atm) x

X 104

85 0.0530 0.239 0.74

95 0.0517 0.257 0.79

120 0.0496 0.287 0.81

120 0.0493 0.292 0.85

135 0.0491 0.295 0.77

220 0.0448 0.356 0.75

313 0.0413 0.406 0.75

Average value of 12 determinations previously reported 0.76 ± 0.04

Total average 0.76 ± 0.04

*K x = P~F/XNIF2PH2' where XNiF2 is mole froction of NiF 2 found in solution ond P is pressure in atmospheres.
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5J. D.Redman, ANP Quar. Prog. Rep. Dec. 31. 1956,
ORNL-2221, p 120.

Fig. 2.2.2. Solubility of NiF 2 in NaF-ZrF" at 550°C.

352 ppm is in substantial agreement with a value
of 400 ppm previously reported" for the solubility
obtained with a total addition of 1700 ppm Ni ++.

STABILITY OF CHROMIUM FLUORIDES IN

LIF.ThF .. AND L1F-BeF 2-ThF .. MIXTURES

J. D. Redman

The stability of CrF 2 and CrF 3 in two ThF ,,­
bearing melts at 800°C was examined by application
of the equilibration-fi Itration technique described
in previous reports in this series. s (This work,
while of interest to the ANP project, is more
directly applicable to the Fused-Salt Power Re­
actor Project.) These experiments were performed
by charging pure LiF-ThF" (72-28 mole %) or
LiF-BeF 2-ThF" (67-23-10 mole %) along with pure
CrF 2 or CrF 3 to hydrogen-fired nickel apparatus,
equilibrating for 5 hr at 800°C under helium,
filtering at the equilibrium temperature, and an­
alyzing the cooled filtrate for Cr ++ and total

chromium ion.

WOO200 400 600 800
Ni (ppm) IN FILTRATE TAKEN AT 550°C

•

o SOLUBILITY ~ 352 :t II ppm Ni
AS NiF2 1N NaF-ZrF4 (53-47
male"!o) AT 550°C

•

• •

/
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o
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1200
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SOLUBILITY OF NIF 2 IN NoF-ZrF"

e. M. Blood

Considerable attention has been given 2-" to
determining the solubility of Ni F2 in NaF-ZrF 4

(53-47 mole %). It was shown previously2 that
the solubi lity of Ni F2 in this solvent was a
function of the total amount of Ni F

2
added in the

range 0.5 to 10 wt %, but no determinations were
made with only traces of the saturating (nickel­
containing) phase present. The results obtained
electrochemicallyJ were of considerable interest
in this regard, but unfortunately these results
appear to be high by approxi mately a factor of 2.
Consequently, an accurate determination of the
solubility at 550°C was undertaken with only
traces of the saturating phase present.

In order to approacl, the saturation concentration
gradually, a mixture of HF, hydrogen, and helium
was bubbled through NaF-ZrF" contained in nickel
apparatus at 550°e. The apparatus was the same
as that used for equi librium studies (see preceding
section on "Equilibrium Reduction of NiF

2
by

H
2

in NaF·ZrF/'). The HF-H 2 ratio of the
gaseous mixture was set at appropriate values so
that nickel metal from the container was converted
slowly to Ni F2' The changes in Ni F2 concen­
tration of the molten NaF-ZrF" were followed by
chemically analyzing liquid samples drawn through
filtering tubes. The filtrates were taken in pairs ­
one at 550°C and another from the apparatus
temporarily heated to 700°e. For the unsaturated
solution the concentrations of NiF 2 were identical,
within the analytical precision, in both filtrates.
As the solution became saturated, the 550°C
filtrate indicated the solubility of NiF 2 , and the
700°C fi Itrate gave a measure of the total amount
of Ni F 2 in contact with the liquid. The results
of these measurements are presented in Fig. 2.2.2.

The data obtained for a saturated solution gave
a sol ubi lity of 352 ± 11 ppm Ni as NiF 2 in molten
NaF-ZrF" (53-47 mole %) at 5500C. The data also
indicate that the solubi Iity remains constant when
the amount of saturating phase is changed from a
trace to a total of 1310 ppm Ni++. The value of

2J • D. Redman, ANP Quar. Prog. Rep. June 10. 1956.
ORNL-2106, p 101.

JL. E. Topol, ANP Quar. Prog. Rep. June 10. 1956.
ORNL-2106. p 103.

"C. M. Blood, ANP Quar. Prog. Rep. June 10, 1956,
ORNL-2106, p 99.
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The data obtained, as given in Table 2.2.2,

indicate that CrF 2 is stable in both these solvents.

The disproportionation reaction

----"3CrF 2 __ 2CrF 3 + Cro

seems to occur to a very limited extent, if at all.

It appears, however, that CrF 3 reacts with the

nickel container, when added to either solvent,

presumably by the reaction

2C F N·°~ N' F 2C Fr 3 + I.- 1 2 + r 2

The reaction is manifestly incomplete under the
conditions used. It is likely that the heating

period was too short and that the surface area

of the nickel container was too small for the

heterogeneous equil ibrium to be attained.

REDUCTION OF UF 4 BY STRUCTURAL METALS

J. D. Redman

Reduction in Molten RbF-ZrF 4 Mixtures

Data were reported previously6,7 for experiments

in which Cro and Feo were equilibrated with UF 4

('V 7 wt % U) in RbF-ZrF 4 (60-40 mole %) as the
solvent medium. Since the values reported for

the reaction with Feo were somewhat uncertain,

the experiments were repeated with longer equili­

bration periods being allowed. The results of

6J. D. Redmon, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL-2221, p 123.

7 J. D. Redmon, ANP Quar. Prog. Rep. Sept. 10, 1956,
ORNL-2157, p 106.

these experiments, presented in Table 2.2.3, show

that equilibrium is established within 5 hr and
that the equilibrium concentration of Fe ++ is

significantly higher at 600 than at 800°e. The

concentrations obtained in this reaction medium

fall in the range that has been found in the other

alkali fluoride-ZrF 4 binary mixtures. No satis­

factory explanation can be given for the fact that

the Feo-UF 4 system is not markedly affected when

different alkali f1uoride-ZrF 4 mixtures are used

as the reaction medium. In contrast the studies

of the Cro·UF 4 reaction showed that the chromium
concentration increases in the order of use of

RbF, KF, NaF, or LiF, in the reaction medium,

which is the order of decreasing ion size.

Data for the reaction of UF 4 with Cro at 600

and 800DC when RbF-ZrF 4 (52-48 mole %) is used
as the reaction medium are given in Table 2.2.4.

Approximately 2 g of Cro was reacted with UF 4

(8.9 wt % UF 4' 4.0 mole % UF 4) dissolved in
approximately 40 g of the RbF-ZrF 4 mixture in a

nickel container.

The chromium values given in Table 2.2.4 show
that the UF 4 -Cro reaction has a very sma II tem­

perature coefficient over the temperature ronge

studied. These equi I ibr ium chrom ium concentrations

are slightly higher than those found 6 in RbF-ZrF 4

(60-40 mole %) at both temperatures. The small

differences indicate that the fluoride ion activity,

as measured by the Cro-UF 4 reaction, increases

only slightly when the RbF concentration is in­
creased from 50 to 58 mole %, the RbF con­
centrations of the ternary mixtures containing
4 mole % UF

4
•

Table 2.2.2. Stability at 800DC of CrF 2 and CrF3 in Molten LiF-ThF4 and LiF-BeF2-ThF4

104

Conditions of Equilibration

Solvent

LiF-ThF4 (72-28 mole %)

LiF-BeF 2-ThF4 (67-23-10 mole %)

Additive

CrF 2
CrF 2

CrF3
CrF 3

CrF 2
CrF 2

CrF 3
CrF3

Present in Filtrate

Cr ++ (wt %) Total Cr (wt %) Ni (ppm)

4.0 4. 1 100

4.0 4.0 50

0.5 3.9 4400

0.9 3.9 5500

3.6 4.0 10

4.0 4. 1 10

0.5 4.1 3200

0.8 3.9 4100



Table 2.2.3. Data for the Reaction of UF4 with Feo

in Molten RbF-ZrF4 (60-40 Mole %) at 600 and 800°C

Conditions of Present in Filtrate

Equilibration Total Total Total

Temperature Time U Fe* Ni
(0C) (hr) (wt %) (ppm) (ppm)

600 5 7.2 500

5 7.3 510

16 7.1 460

16 7.3 490

800 5 7.4 170 50

5 7.4 220 60

5 7.2 120

5 7.1 130

16 7.5 180 100

16 7.2 140

16 7.3 230 80

16 7.3 170 110

*Blank of 70 ppm of Fe at 800°C.

Table 2.2.4. DClta for the Reaction of UF4 with Cro

In Mol ten R bF-Zr F4 (52-48 Mo Ie %) at 600 and 8000C

Conditions of Present in Flltrote

Equi Iibration Total Total Total

Temperature Time U Cr* Ni

("C) (hr) (wt %) (ppm) (ppm)

600 3 6.8 680 40

3 6.8 ~60 20

5 6.8 710 <1

5 6.9 720 <1

800 3 6.8 740 <1

3 6.8 780 20

5 6.8 700 120

*Blank of 170 ppm of Cr at 800°C.

Reduction in ThF 4 -Bearing Melts

Data were reported previously6 for the reaction

of Cr a with UF 4 with low uranium c01centrations

(0.5 wt % U) in molten LiF-BeF 2 (48-52 mole %)
as the reaction medium. These experiments have
been extended to include di lute solutions of UF4

in LiF-ThF
4

(72-28 mole %) and LiF-BeF 2-ThF
4

(67-23-10 mole %) mixtures as solvents.

PERIOD ENDING MARCH 31, 1957

Data for the reaction of UF 4 with Cr a at 650 and
800°C in LiF-BeF 2-ThF 4 (67-23-10 mole %) are
given in Table 2.2.5. Approximately 2 g of Cr e

was reacted with UF 4 (0.12 mole % UF 4' 0.5
wt % U) dissolved in approximately 40 g of the

LiF-BeF 2-ThF 4 mixture contained in nickel. Similar
data obtained with LiF-ThF 4 (72-28 mole %) as
the reaction medium and a UF 4 concentration of
0.21 mo Ie % (0.5 wt % U) are presented in Table
2.2.6.

The equilibrium chromium values presented in
Tables 2.2.5 and 2.2.6 approximate the blank ob­
tained for chromium. Therefore, the reduction of
UF4 by Cro in these reaction media when low UF

4
concentrations are used is negligible, as was
the case when Li F-BeF 2 (48·52 mole %) was
used as the reaction medium. 7 While the method
is not sufficiently sensitive to determine slight
changes in chromi um concentrat ions that occurred
in this series of experiments, the data do indicate

that no extensive attack of Cre by UF 4 occurs
under these conditions.

MEASUREMENTS OF SOLUBILITY OF RARE­

EARTH FLUORIDES IN MOLTEN NaF-ZrF 4- UF 4

MIXTURES

W. T. Ward

Rare-earth fluorides labeled with Ce 141, La 140,

or Sm 153 and the techniques previously described 8

were used to study the solubilities of CeF 3 and

LaF 3 alone and in combination and of SmF 3 alone

BW. T. Ward, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL-2221, p 125.

Table 2.2.5. Data for the Reaction of UF4 with Cro

In Molten LIF-BeF2-ThF4 (67-23-10 Mole %)

at 650 and 8000C

Conditions of Present in Filtrate

Equ IIi brati on Total Total Total

Temperature Time U Cr* NI
(0C) (hr) (wt %) (ppm) (ppm)

650 5 0.38 210 80

5 0.37 240 90

800 5 0.44 270 90

5 0.48 270 80

*Blank of 260 ppm of Cr at 800°C.
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Tabl e 2.2.6. Data for the Reaction of UF4 with Cro

in Molten LiF-ThF
4

(72-28 Mole %) at 650 and 800°C

Conditions of Present in Fi I trate

Equilibration Total Total Total

Temperature Time U Cr* Ni
(0C) (hr) (wt %) (ppm) (ppm)

650 5 0.51 280 40

5 0.49 240 50

800 5 0.51 260 50

5 0.52 280 50

*Blonk of 280 ppm of Cr ot 800°C.

and in combination with CeF 3 In NaF-ZrF4-UF 4

(50-46-4 mole %). In addition, the effect of BaF 2

and SrF 2 0:1 the solubility of CeF 3 in this melt

was examined. Solubility values shown at precise

temperatures in the following tables were obtained

from smooth curves of the experimental data taken

at approxi mate Iy the temperatures shown.

Solubility of CeF 3

The solubility of CeF 3 in NaF-ZrF 4-UF 4 (50-46­

4 mole %) was redetermined in three separate

experiments with the use of Ce 141 as a tracer

by the technique described previously.8 The

solubilities thus obtained, together with those

previously reported, are given In Table 2.2.7.

Solubility of LaF 3

The solubility of LaF 3 in NaF-ZrF 4-UF 4 (50-46­

4 mole %) was redetermined with La 140 as a tracer,

and the temperature range of the determinations

was extended. The solubility values thus measured

are bel ieved to be the most accurate obta ined to

data; they are given in Table 2.2.8.

Solubilities of CeF 3 and LaF 3
in Combination

An experiment was completed to determine the

solubilities of mixed CeF 3 and LaF J in Naf­

Zrf 4-UF 4 (50-46-4 mole %) with the use of CeF 3
.. C 141 d L F ..containing e tracer an a 3 containing

La 140 tracer. The fi Itrates and standards were

counted several times over a period of a week,

and the differences in decay rates (Ce 141, 32.5-day

half life; La 140 , 40-hr half life) were used to

ca leu late the ceri um and lanthanum cancentrations.
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Table 2.2.;. Solubility of CeF
3

in NaF.ZrF
4

-UF
4

(50·46-4 Mole %) Determined with the Use of

Ce 141 as a Tracer

Cerium in Filtrate (wt %)

Temperature Experiment Number
(0C) Average

19* 22 23 24

800** 5.36 5.34 5.17 5.29

700 3.60 3.75 3.80 3.63 3.70

600 2.80 2.83 2.85 2.67 2.79

550 2.47 2.53 2.51 2.33 2.46

*Previously reported.

**In this and following tables in which the precise
temperatures of 800, 700, 600, and 550°C are listed, the
solubil ities were read from the curve drawn through the
actual values obtained.

Table 2.2.8. Solubility of LaF3 in NaF-ZrF4 -UF4
(50-46.4 Mole %) Determined with the Use of

La140 as a Tracer

Temperature Lanthanum in Filtrate
(0C) (wt %)

877 7.59

805 4.81

764 4.19

707 3.51

662 2.90

619 2.68

582 2.35

539 2.22

As a check on the accuracy of these calculations,

a set of five control samples was made up that

contained different weighed amounts of the radio­

active CeF 3 and Laf3' These were counted

along with the fi Itrates obta ined during the ex­

periment and were calculated in the same way.

The accuracy of the concentrations obtained for

these control samples is shown in Table 2.2.9.

The average error was 1.9%, and the maximum

error was 5.6%.

For the so lubi I ity determi nations suffic ient labeled

CeF 3 was added to the NaF-ZrF4AUF 4 mixture to

give a cerium concentration of a little over 6 wt %.



•
'*

The mixture was then heated to 8800C for 1 hr,
and filtrates were taken successively at approxi­
mately 800, 700, 600, and 550°C after equi libration
for 1 hr at each temperature. Labe led LaF 3 was
then added to give 1.9 wt % lanthanum, and the
procedure was repeated. A second LaF 3 addition
was then made to bring the lanthanum concentration
up to 8.4 wt %, and the procedure was again re­
peated. The cerium and lanthanum concentrations
calculated from the activity data obtained are
given in Table 2.2.10.

Solubility of SmF 3
The solubi Iity of SmF 3 in NaF-ZrF 4- UF 4 (50·46­

4 mole %) was determined with the use of Sm 153

PERIOD ENDING MARCH 31, 1957

as a tracer over the temperature range of 800 to
55ooC. After the fi Itrates were obtained, CeF 3

was added, and a second set of fi Itrates was
obtained. A second CeF3 addition was then made,
and a third set of filtrates was obtained. The
activities of all these fi Itrates were counted to
determine the samarium concentration, and the
results are given in Table 2.2.11. The amount by
which the SmF3 solubility decreased upon the
addition of CeF

3
is shown graphically in Fig. 2.2.3.

It may be noted that the decrease in the sol ubi I ity
of SmF3 caused by the addition of CeF3 is very
similar to the decrease in solubility of CeF 3 upon
the addition of LaF 3, as shown above.

Sample

No.

2

3

4

5

Table 2.2.9. Accuracy of CeF3 and LaF3 Determinations in Synthetic Control Samples

CeF3 Found (mg) Error
LaF3 Found (mg)

Error

By Synthesis By Analysis (%) By Synthesis By Analysis (%)

6.9 7.0 1.4 27.4 27.5 0.4

13.9 14.0 0.7 14.1 14.0 0.7

19.2 18.8 2. 1 39.2 37.8 3.6

31.2 30.5 2.2 32.3 32.6 0.9

60.4 61.0 1.0 28.8 27.2 5.6

Table 2.2.10. Solubilities of CeF 3 and LaF3 in

Cambination in Molten NaF-ZrF4- UF4 (50·46-4 Mole %) Table 2.2.11. Effect of CeF
3

on Solubility of

SmF3 in NaF-ZrF4-UF4 (50-46-4 Mole %)

Approximate Found in Filtrate
Initial Temperature (wt %)

Samarium in

fC) Initial Rare' Temperature Fi ltrateRare-Earth

Content
Ce La Earth Content (0C)

(wt %)

6.2 wt % Ce, 820 5.72 9.4 wt % Sm, 800 6.48

no La 729 4.12 na Ce 700 4.45

638 3.20 600 3.36

548 2.47 550 2.99

6.1 wt % Ce, 814 4.08 1.25 9.3 wt % Sm, 800 2.88

1.9 wt % La 726 3.06 0.96 6.7 wt % Ce 700 2.10

636 2.27 0.71 600 1.64

553 1.79 0.51 550 1.48

5.7 wt % Ce, 816 1.89 3.11 9.8 wt % Sm, 800 1.73

8.4 wt % La 723 1.52 2.19 12.1 wt % Ce 700 1.41

632 1.16 1.62 600 1.14

553 0.95 1.36 550 1.03

107



ANP PROJECT PROGRESS REPORT

UNCLASSIFIED
ORNl-lR-OWG 20237

4 ~--!---+--"'-""-+-----!---I
"'~

Cerium in
Temperature Fi Itrate

(0C)
(wt %)

800 5.29

700 3.70

600 2.79

550 2.46

800 4.93

700 3.38

600 2.52

550 2.20

800 3.23
700 1.98

600 1.32

550 1. 10

Initial Rare­

Earth Content

7.0 wt % Ce,

no Ba

Table 2.2.12. Effect of BaF2 on Solubility of

CeF
3

in NaF.ZrF
4

-UF
4

(50-46-4 Male %)

6.9 wt % Ce ,

7.0 wt % Ba

(6 mole % Ba)

7.0 wt % Ce,

1.0 wt % Ba

the procedure was repeated. The activities of the
filtrates were then counted to determine the cerium
concentration.

A similar experiment was performed in which
SrF 2 was added to the extent of 4.6 wt % Sr to a
previous Iy equi Iibrated CeF 3-NaF-ZrF 4-UF 4 mixture
containing 6 wt % Ceo Filtrates were obtained
by using the procedure described for the BaF 2
additions, and the activities were counted to
determine the cerium concentration. The results
of these experiments are given in Tables 2.2.12
and 2.2.13 and are shown graphically in Fig. 2.2.4.

12'0 '1
'IT 10 K)

9

I~, I
98 wt "10 Sm , 12 1 wt "10 Ce

~~
8

TEMPERATURE (OCl

900 800 700 600 500
8 I I I I I I

),
7

\
6 \

\
5

\
'\9.4 I'll "70 Sm, NO Ce

~ 1\
~ 3 I-----!--l\\c-----+----I-----P-,,~-_I

~ ~D""_+---_t_--_t__---,
~ I \~
~ 1'\..3 I'll "70 Sm, 6.7 I'll "70 Ce

2 1-----1-- --f--~~___1-·--+_---1

~

Table 2.2.13. Effect of SrF
2

on Solubility of

CeF3 in NaF-ZrF4-UF4 (50-46·4 Mole %)

Fig. 2.2.3. Effect of CeF 3 on Solubility of SmF 3 in

NaF-ZrF 4-UF 4 (50-46-4 Mole %). (Secret with caption)

Effect of BaF 2 or SrF 2 on Solubility
of CeF 3

It has been determined that the addition of BaF 2

or SrF 2 to a melt containing CeF 3 dissolved in
NaF-ZrF 4-UF 4 (50-46-4 mole %) reduces the solu­
bility of the CeF 3, In one experiment approximately
7 wt % Ce as labeled CeF 3 was equilibrated with
NaF-ZrF 4 -UF 4 at 900OC, and then filtrates were
obtained at approximately 800, 700, 600, and
5500C, as described above. After these fi Itrates
were obtained, about 1.0 wt % Ba was added as
BaF2 and equi Iibrated at 900°C, and another set
of four' filtrates was taken. More BaF 2 was then
added to bring the barium content to 7 wt %, and

Initial Rare­

Earth Content

6.0 wt % Ce,

no Sr

5.9 wt % Ce ,

4.6 wt % Sr

(6 mole % Sr)

Cerium in
Temperature Fi Itrate

(0C)
(wt %)

800 5.29

700 3.70

600 2.79

550 2.46

800 4.57

700 2.82

600 1.86

550 1.59
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SOLUBILITY RELATIONSHIPS AMONG

RARE-EARTH FLUORIDES IN

MOLTEN NaF.ZrF 4 -UF 4

R. A. Strehlow W. T. Ward

Solubility of Individual Rare Earths

As shown in the preceding sections, the solubility
of LaF 3 , CeF 3 , and SmF 3 in the molten solvent

NaF-ZrF 4-UF 4 (50·46-4 mole %) has been carefully
examined as a function of temperature. The data
reveal considerable differences in solubility for
materials whose chemical properties are so similar.

The compound SmF 3 is, as indicated in Table
2.2.14, nearly 25% more soluble than LaF 3 at
each temperature studied, and the solubility of

CeF 3 is intermediate in each case.
The product of the solubility of each compound

multiplied by the third power of the cation radius
is the same with in ± 2% for each of the three
rare-earth fluorides studied (Table 2.2.14). No
explanation for the success of this correlation
has been offered, and it is possible that the
agreement is fortuitous. Subsequent studies of
sol ubi Iity of these materia Is as a functi on of

NaF-ZrF 4 composition need to be completed before
a discussion as to the general validity of this
correlation can be made. In any event it is evident
that the solubility of the rare-earth fluorides is
sufficiently high to permit quite long-time operation
of a reactor before precipitation of these materials
becomes a problem.

500

12
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Fig. 2.2.4. Effect of Bo F 2 or SrF 2 on Solubil ity of

CeF 3 in NaF-ZrF4 -UF 4 (50-46-4 Mole %). (Secret with

caption)

Solubility of Binary Rare-Earth Mixtures

When binary mixtures of CeF 3 and LaF 3 in NaF­
ZrF4-UF 4 were studied, as described above, the

Table 2.2.14. Solubility Relationships Among Rare-Earth Fluorides in NaF.ZrF4- UF4 (50.46-4 Mole %)

Product of Solubility and Third Power
Temperature Solubility (mole %) of Cation Radius

(0C)
SmF3 CeF3 LaF3 Meon CeFj MeanSmFj LaFj

550 2.23 2.02 1.80 2.02 ± 0.23 3.21 3.31 3.27 3.26 ± 0.05

600 2.52 2.27 2.02 2.27 ± 0.25 3.63 3.72 3.68 3.67 ± 0.05

700 3.38 3.00 2.68 3.02 ± 0.36 4.87 4.92 4.88 4.89 ± 0.03

800 4.97 4.30 4.03 4.43 ± 0.54 7.16 7.06 7.33 7.18 ± 0.14

Sm +++ ~ +++ $. +++ ~*Cation radii: , 1.13 iCe ,1.18 jLa ,1.22.
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data shown in Table 2.2.15 were obtained. The
solubility of CeF 3 and LaF 3 in combination is
intermed iate between that of pure La F 3 and that
of pure CeF 3 . The binary solubility data are
plotted in Fig. 2.2.5, along with the solubility
data for pure CeF 3 and pure La F 3' as a three·
component sytsem, with the pure solvent (NaF­

ZrF 4-UF 4' 50-46·4 mole %) as one component.
The liquidus lines established by the four ex­
perimental points are nearly straight.

In a preceding report9 equilibrium quotients were
defined for the partition of the rare earths between
the liquid and their solid solution:

values are, accordingly, unexpected, and they indi­
cate some deviation from Henry's law in the liquid
or in the solid solution or in both.

The preliminary studies made to date for the
CrF 3-SmF 3-solvent system have yielded the K
values shown in Table 2.2.16. These values,
which were obtained with the use of a single-tracer
technique and with the assumption that the liquidus
lines ore similar to those of the LaF 3-CrF 3­

solvent system, deviate significantly from unity.

UNCLASSIFIED
ORNL-LR-DWG 20239

N
(so lid) x NLaF 3 C"F 3 (solution)

K
N (s a Iid) X N (solution)CeF 3 LaF 3

where N is the concentration (in mole fraction)
of the designated material in the designated phase.
It was also established 9 that if Henry's law were
obeyed by both the liquid and the solid solution,
K should be the ratio of the sol ubi lities of the
pure component trifluorides. The fact that the
experimental points for the mixtures of LaF 3 and
CeF3 fallon the straight lines connecting the
original composition and the pure solvent, as
shown in Fig. 2.2.5, is equivalent to the statement
that K, as defined above, is unity rather than the
ratio of solubilities (about 1.1). The observed

8

6 _

7 _

SOLVENT

ORIGINAL COMPOSITION
\ _ 6

RELATiVE COMPOSITION AFTER
A,DOITION OF MORE LoF3 I

7

8

9 W• T. Word, ANP Q P R P D 31 1956uar. rag. e. ec.. ,
ORNL.2221, p 126.

Fig. 2.2.5. Pseudoternary System LaF 3-CeF 3 and the

Solvent Mixture NaF-ZrF 4-UF 4 (50-46-4 Mole %). (Secret

wi th caption)

Table 2.2.15. Concentrations of LaF3 and CeF3 in a Saturated Solution in NaF.ZrF4-UF4
(50·46·4 Mole %) for Different Relative Amounts of CeF3 and LaF3 in the Solid Phose

Composition of Solid Phose (mole %)

110

76.5

40.1

23.5

59.9

Temperature Concentration in Solution (mole %)

(oC ±1%) CeF3 LoF3

550 1.43 0.41

635 1.82 0.57

720 2.47 0.78

820 3.33 1.03

550 0.76 1. 10

635 0.93 1.31

720 1.23 1.78

820 1.54 2.55



PERIOD ENDING MARCH 37, 1957

ION. V. Smith, ANP Quar. Prog. Rep. Dec. 31. 1956,
ORNL-2221, p 130.

Table 2.2.16. Equilibrium Quotient for Partition of

SmF) and CeF) Between Liquid and Solid Solutions

its pressure regulator an additional connection,
which could be closed with a needle valve, was
made to a second manifold which received the
xenon gos emerging from the solubility apparatus.
With the use of a liquid-nitrogen cooling bath the
xenon could be recovered in one of the cylinders

while the experiment was fed from a second
cylinder. The third cylinder was maintained as
a standby in case the source cylinder became
depleted during an experiment. This assembly is
shown as Figs. 2.2.6 and 2.2.7.

The xenon was obtained in cylinders from Linde
Air Products Co. Mass spectrometic analysis
showed its purity to be better than 99.99%, as
received. The high purity gradually decreased to
95.9% after eight complete experiments.

The limited supply of xenon avai lable necessitated
a constant watch during the experiment in order

to avoid exhausting the source cylinder below
a safe preset pres sure. According Iy, the saturating

time was lowered to approximately 5 hr. The
results appeared to correlate satisfactorily re­
gardless of whether the time was 4 or 5 hr. In a
single experiment in which the saturation was

attempted in 1 hr, the amount of xenon found in
solution was only about one-half as much as that
obtained with 4- or 5-hr saturation times. From
the previous experience with helium, it appeared
that 3 hr of saturation time was sufficient.

The results shown in Table 2.2.17 and Fig.
2.2.8 appear to be consistent to within approxi­
mately ± 10%. All the experimental variables
appear to have been controlled to within con­
siderably closer variations than ± 10%. The mass
spectrometer analyses agree, on an average, with
the synthetic compositions of the standard gas
mixtures to within approximately 10%. As a
consequence, it does not appear unreasonable to
assume that the results presented are correct to
within ±20%, if it is assumed that the saturating
time used was sufficiently long. Appropriate
experiments are under way to demonstrate quan­
titatively the time required for saturation.

It may be seen that, as in the case of helium,

the solubility of xenon in NaF-ZrF 4-UF 4 (50·46­
4 mole %) increases with increas ing temperature.
This effect is discussed in more detail in the

following section.

K*

1.2

1.4

1.5

1.7

1.1

1.4

1.7

2.3

SSO
63S
720

820

SSO
63S
720
820

Temperature
(0C)

8.8

11.338.4

7.6

Composition of Solid

Phase (mole %)

*K

Further studies with the use of the dual-tracer
technique on the SmF 3-CeF 3 -solvent system will
be required before it can be established that the
two systems are really dissimilar. If the data in
Table 2.2.16 can be verified, SmF 3 can be removed
from solution by equilibration with CeF 3 and
fi Itration more readi Iy than would be expected
from Henry's law estimates.

SOLUBILITY OF XENON GAS IN NoF-ZrF ... UF ..

N. V. Smith

The determination of the solubility of xenon

gas in molten NaF-ZrF 4-UF 4 (50-46·4 mole %) as
a function of pressure and temperature was suc­
cessfully completed. As a consequence of the
high cost of xenon, a recovery system for the xenon
used in the determination was added to the apparatus
previously described lO for the determination of the
solubility of helium in NaF-ZrF4-UF4• In this gas­
dispensing and recovery system three xenon cylin­
ders were connected through their conventional
pressure-regulating valves to a manifold which served
to introduce the gas at the desired pressure into
the solubility equipment. Between each cylinder and

..
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Fig. 2.2.6. Xenon Recovery Assembly.

COMPARISON OF THE SOLUBILITIES OF

HELIUM AND XENON GASES IN

NcF·ZrF <I- UF <I

N. V. Smith

Thermodynamic comparisons of the solubilities

of inert gases in NaF-ZrF 4-UF 4 (50-46-4 mole %)
are more readi Iy performed by recalculating the

solubilities on a mole fraction scale. The mole

fraction, N, of a gas dissolved in this solvent is

defined by

N
n

g

(1/110.48) + ng

very dilute, the value of n in the denominator

could be omitted, and the val~es of the solubi lities

previously given in moles of gas per cubic centi­

meter of melt were changed directly to mole

fractions by dividing by the number of moles of

melt per cubic centimeter. The density values 11

were taken to be 3.37, 3.28, and 3.19 g/cm 3 at

600, 700, and 800°C, and thus the number of moles

of melt per cubic centimeter were 3.05 x 10- 2 ,

2.97 x 10- 2, and 2.88 x 10- 2 at the three tem­

peratures. The experimental values of the solu­

bilities of helium and xenon obtained on this

basis are shown in Fig. 2.2.9. The average values

where n is moles of dissolved gas per gram of

solvent ~nd 110.48 is the overage molecular weight

of the solvent. Since the solutions used were

112

lIS. I. Cohen, W. D. Powers, and N. D. Greene, A
Physical Property Summary jor ANP Fluoride Mixtures,
ORNL·2150, p 41 (Aug. 23, 1956).
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Table 2.2.17. Solubility of Xenon in NaF.ZrF4·UF4
(50·46.4 Mole %)

UNCLASSIFIED

(x W-s) ,..-__--r --r --r__O_R_NL_'LR_'_D_WG_20_2...,40

Xenon Solubility

Temperoture Saturating (moles of
14,0

(0C) Pressure
K*xenon per

(atm) 3 melt)cm

X 10- 8 i2,0

~
w
::;:

600 0.49 0.945 1.93 u.
0

1.50 3.28 2.18 '" 10,0E
u

1.92 3.75 1.96 ~x

2.0 ± 0.3
u.

Av 0
~.,

8,0"0

700 1.00 3.67 3.67
E

>-
1.96 8.60 4.38 l--

:;]
CD

Av 4.0 ± 0.4 :::J 6,0
-'
0
(f)

800 1.00 6.18 6.18 z
0
z

1.68 11.32 6.74 w
x 4,0

Av 6.5 ± 0.4

of Henry's law constants at the three temperatures
are Iisted in Table 2.2.18, and the temperature
dependence of the constants is illustrated in Fig.
2.2.10.

For the case of a noble gas, X, in equilibrium
with its saturated solution in a nonvolatile liquid,
the chemical equation for the process is

p (cm 3 of melt) X (otm)

O~ 100 1~ 200 2~

SATURATING XENON PRESSURE (aim)
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Fig. 2.2.8. Solubility of Xenon in NaF·ZrF4·UF 4

(50-46-4 mole %) as a Function of Temperature. (Secret

wi th capti on)

X(d) = X(g) ,

moles of xenon X 10 8
c

*K

( 1)

4 8 12 16 20 24 28 (x 10- 6 )

MOLE FRACTION OF DISSOLVED GAS

XENON
3,00

E
o 2.50
w
a:
:::J
(f)

2,00(J)
w
a:
0-

'" i,50z
>=
<!
a:
:::J
!;:( tOO
(f)

0.50

Fig. 2.2.9. Solubilities of Xenon and Helium in NaF­

ZrF 4·UF 4 (50-46-4 Mole %). (Secret with coption)ax (d) = Yx (d) Nx (d) ,

where (d) and (g) refer to dissolved and gaseous
states, respectively. The equilibrium constant
for the process is given by

ax(g)

ax(d)
(2)

(3)

where a refers to activity of the indicated species.
At the high temperatures and low pressures used,
the hel ium and xenon gases may be assumed to

behave ideally and the pressures may be assumed
to be equal to the fugacities. Accordingly, if the

standard state of the gas is taken at a fugacity
of 1 atm, the activity of the gas is numerically
equal to the pressure. The activity of the gas
in solution may be defined by
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Table 2.2.18. Henry's Law Constants of Helium and

Xenon Dissolved in NaF-ZrF4-UF4 (50-46-4 Mole %)

*Based on only one exgeriment. The results of two
other experiments at 700 C were discarded because of
mechanical failures of the apparatus during the experi­
ments.

~

~
V

XENON
~

./,.,.....

-
HELIUM

__r --• ~-

YX (d)

K
xKa

Yx (d) NX (d)

L\So =

Ka

(5)

and Eq. 3 reduces to

P x (g)

Table 2.2.19. Standard Enthalpy, Free Energy, and

Entropy Changes of X (d) '" X (g) at 10000 K

Over the region where the gas obeys Henry's law,

Yx (d) is unity, and consequently

This is the equivalent of making the activity
reduce to the mole fraction over the concentration
range mentioned. The fugacity of the standard
state implied by this postulation is numerically
equal to Henry's law constant for the particular
gas at the given temperature.

Standard free energy changes, L\Fo, may be
calculated for Eq. 1 from the values of the equi­
librium constants. The slopes of the curves in
Fig. 2.2.10 readily give the numerical value of
L\Ho of Eq. 2. The standard entropy change,
L\So, is obtained by the relation

Some calculated values of L\Ho, L\p o, and L\so at
10000K are listed in Table 2.2.19.

The results appear to be significant in that the
standard entropy changes are the same even if
the solubi lities of the gases are widely different.
In addition, some thermodynamic changes can be
calculated for the isothermal expansion at 10000K
of an ideal gas from a concentration of c, to c 2
moles per liter. If c, is allowed to assume the
numerica I va Iue of the Henry's law con stant ex­
pressed in (moles of gas)/(Iiter melt).(atm) and c 2
is assumed to be the ideal gas concentration at
1 atm, the values listed in Table 2.2.20 are ob­
tained. As may be observed the values of q, w,

(4)

(6)
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For Helium For Xenon

X 105
X 106

1.54 1.51

1.09* 0.75

0.71 0.45
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Fig. 2.2.10. Temperature Dependence of Henry's Law

Constants for Solubilities of Xenon and Helium in

NaF·ZrF 4-UF 4 (50-46-4 Mole %). (Secret with caption)

Helium

Xenon

-7,400

-11,400

-22,800

-26,600

+ 15.4

+ 15.2
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Table 2.2.20. Numerical Values of Heat (q), Work (w), Enthalpy Changes (/~H), and Entropy Changes (~)

Involved in the Reversible Isothermal Expansion of an Ideal Gas at 10000 K

Gas

Helium

Xenon

c 1 (moles/I iter)

3.1 x10- 4

4.85 X 10- 5

c 2 (moles/I iter)

1.22 X 10- 2

1.22 X 10- 2

q = w (cal)

-7,300

-11 ,000

o

o

D.S (e. u.)

-7.3

-11.0

TD.s (cal)

-7,300

-11,000

and TD.S for both gases are equal, within experi­
mental uncertainties, to the values 12 of D.Ho given

in the Table 2.2.19. Further discussion of the sig­
n ificance of the agreement between the val ues
calculated for both processes must await addi­
tional experimental data. It is to be noted, however,

that this agreement, if it is general for monatomic
gases in fluoride solvents, would enable the
investigator to calculate, from a single experimental

measurement, as many isotherms as would be
desired.

SOLUBILITY OF HF IN NaF-ZrF 4
J. H. Shaffer C. M. Blood

Knowledge of the solubility of HF in molten
fluoride mixtures would be valuable in studies

of methods of salt purification, some aspects of cor­
rosion problems, and processes for dissolution of
solid fuel elements for uranium recovery. No record
of direct measurement of the solubility of HF in
molten fluorides has been found. As a byproduct
of studies of salt purification, attempts 13 have

been made at times during the past several years
to estimate the solubility of HF in molten salts
from rates of stripping of the HF by inert gas
carriers. The results obtained have not, however,
been conclusive.

In recent months it has been possible to measure,
by a direct equilibration method, the solubility of
HF in an NaF-ZrF 4 (53-47 mole %) melt at 600°C.
When data are ava ilable at other temperatures,

comparisons of these values with those estimated
from measurements of stripp ing rates will be
discussed.

The direct equilibration procedure consists, in
brief, of saturating the melt with HF at cOnstant

12
The agreement of the calculated values 01 TD.SO

with the experimental D.~ values was pointed out by
M. Blander.

13
G. M. Watson, C. M. Blood, and F. F. Blankenship,

ANP Quar. Prog. Rep. Marcb ZO, 1954, ORNL- 1692, p 62.
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pressure, transferring (by melting a frozen plug)
a portion of the saturated melt into a closed re­
ceiver containing an initial pressure of helium
equal to one-half the HF saturation pressure,

re-establishing the frozen plug in the transfer line,
and stripping the HF from the melt in the receiver
by sparging with helium gas. The HF is absorbed
in a standard KOH solution, and the amount of
HF evolved is determined by titration. The pro­
cedures for saturation and transfer of the melt

and the apparatus for these operations are very
similar to those used for studying helium and
xenon solubility.14 A simplified diagram of the
assembly used in these studies is shown as Fig.
2.2.11.

When the empty receiver is stripped at 6000
(

with helium, about 4 X 10- 6 mole of HF is re­
covered per Iiter of exit gas, and after the passage
of 50 liters of helium through a transferred melt

the HF concentration in the exit gas is again
4 x 10- 6 mole of HF per Iiter of exit gas. This

"residual" HF is probably a consequence of
desorption from the receiver and lines, but these
concentrations are completely negligible in com­
parison with the amounts soluble in the melt.
When molten salt saturated with helium was
transferred and stripped at 6000 e with 50 liters
of helium, 0.32 mmole of HF was recovered.
This "blank" is small but not negligible, and
it has been used to correct the gross quantities
of HF (11 to 27 mmoles) recovered from the
sol ubi Iity experiments.

Summaries of the experimental results obtained
to date ore presented in Table 2.2.21 and Fig.

2.2.12. From these data, which will be extended
to 700 and BOOoe and to pressures in the range
of 0.25 to 2.5 atm, it appears that Henry's law

14N• V. Smith, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL-2221, p 130.
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Fig. 2.2.11. Apparatus for Determining the Solubility of HF in Molten Fluoride Mixtures.

Table 2.2.21. Solubility of HF in Molten NaF.ZrF4 (53-47 Mole %) at 60cfc

Saturati n9

Pressure

(atm)

Quantity of Melt

Transferred

(cm 3)

HF

Stripped

(mmoles)*

HF

Sol ubi Iity

(mole/cm 3 of melt)

K**

2.53 910 27.73
2.52 872 26.29

2.05 933 22.80

2.05 960 26.14

1.55 927 17.86

1.50 934 16.38

1.05 849 11.27

1.05 910 12.63

*Corrected for 0.32 mmole blank.

3.11
3.02

2.45

2.72

1.92

1.75

1.33

1.39

Mean

1.23

1.20

1.19

1.33

1.24

1. 17

1.27

1.32

1.25

**K expressed as moles of HF per cubic centimeter of melt times pressure in atmospheres.
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some cases the temperature dependence of emf
was in the direction opposite to that expected.

Concentration Cells with Niol NiF 2 Electrodes

Prel iminary experiments with concentration cells
of the type

NiOINiF 2(c l)IINiF 2(c
2

)INio

with KF-LiF (50-50 mole %) as the solvent indicate
the solubility of NiF 2 in this solvent to be about
10 times that in the solvent NaF-ZrF 4 (53-47 mole
%). This difference can probably be attributed
to the basic nature of the KF-LiF solvent in which

the weakly acid NiF 2 would be more soluble than
in the more acid NaF-ZrF 4 mixture. (See section
of Chap. 2.3 on "A Structure Model and an Acid­
Base System for Fuel Mixtures," this report.)

An illustration of the acid character of ZrF,(
was obtained in measurements of the cell

Fig. 2.2.12. Solubility of HF in NoF-ZrF,( (S3-47

Mole %) at 600°C.

is obeyed and that the solubility is 1.25 x 10- 5

mole of HF per cubic centimeter of melt at 1 atm.

in KF-LiF, where c 1 = c; = 1.00 wt %, and
c 2 = 1.5 wt %. The emf of this cell, 7 to 8 mv
at 650°C with the ZrF,( melt positive, is equal
to

..

where x, a, y, and t + denote the mo Ie fraction,
activity, activity coefficient of a species, and
the average transference number of the alkali
cations, respectively; the subscript "1" refers
to the NiF 2 and the subscript "3" to the KF-LiF;

the primes signify the ZrF,(-free melt. Since the
mole fractions x1 and x; were approximately equal,
it was found that

1.20 ,(:':) c: r

n

RT

where M is a metal and AF is a molten fluoride

salt. Attempts to use this technique, however,
to establish the liquidus temperature for the NaF­

ZrF 4 (39-61 mole %) mixture with the use of Zr°
or Z irca loy electrodes have been genera Ily un­
successful. The potentials of the cells exhibited

irregular fluctuations with temperature, and in

EMF MEASUREMENTS IN MOLTEN FLUORIDES

L. E. Topol

Concentration Cell s with Zro IZrF,( Electrodes

The solubility of a metal fluoride in a molten
fluoride salt can be determined from the dis­
continuity at the liquidus temperature in a plot
of emf vs temperature 15 for a concentration cell

of the type

15L• E. Topol, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL-2221, p 139.

and hence the Ni F 2 activity in the ZrF,( -free melt
is, as an approximation, at least 20% greater than
in the ZrF 4-containing melt.
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In both half cells, as well as in the nickel half
cells described in Table 2.2.22 in the following

section, the NiF 2 solutions were reddish, as they
were found to be in NaF·ZrF 4 (ref 16). Di lute
NiF 2 solutions in KF-LiF-NaF eutectic were
previously 16 found to be yellow. The red color

is probably due to the larger concentration of
NiF 2 used in the emf experiments described here.

Daniell Cells

In order to obtain more information regarding the
change of solute activity coefficients with solvent

composition, efforts are under way to develop

more rei iable types of Daniell cells and to measure
a series of these cells, as was done previously,17

in different media with varying but dilute con­
centrations of the metal fluorides, NiF 2 , FeF 2,

CrF 2' and possibly other solutes. Some results
are given in Table 2.2.22 for measurements made
with Daniell cells of the type

Fel FeF 2(c 1)11 Ni F 2(c 2)1 Ni

16 L• E. Topol, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL.2221, p 138.

17 Quar. Prog. Rep. Dec. 10, 1955,L. E. Topoj ANP
ORNL·2012, p 9 •
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in NaF-ZrF 4 (53-47 mole %) and KF·LiF (SO-SO
mole %) contained in iron and nickel crucibles,
respectively. The measurements were corrected
for thermoelectric effects, but junction potentials
were neglected.

The results agree well with the results of
previous measurements in the NaF-ZrF 4 solvent,

which gave about 500 for YNiF /YFeF 2' even

though most of the cells studied exhibited a de­

crease in emf with time, and none were reproducible

to wi th in 5 mv for more than one day. The F eF 2

melts showed a greater tendency to creep than

the NiF 2 melts in both solvents.

It appears that the activity ratio of NiF 2 to
FeF 2 does not change much with solute con­
centration in the range measured but that th is

ratio varies from an average of about 600 in
NaF-ZrF 4 to 200 in KF-LiF. The two values of
around 300 (Table 2.2.22) obtained in the NaF­
ZrF 4 solvent should probably be disregarded,
since any failure of the cells seems to result in
a decreasing emf, which in turn produces a smaller
calculated activity coefficient ratio. The average

value of about 600 found for YNiF /YFeF in the
2 2

NaF-ZrF 4 solvent may be compared with a value
of 700 at 625°C taken from data obtained in

Table 2.2.22. Activity Coefficient Ratios of NiF2 to FeF2 in Molten Fluoride Solvents as

Obtained from Daniell Cell Measurements at 650°C

Concentrat ion Concentration

Solvent of NiF 2 of FeF 2 YNiF/YFeF 2(mole %) (mole %)

NaF-ZrF4 0.212 0.744 500*

0.214 0.224 310

0.202 0.205 301

0.190 0.192 492

0.210 0.258 660

0.213 0.706 510

0.258 0.700 640

0.247 0.659 730

, KF-LiF 0.545 0.621 193

0.530 0.617 218

*This value is based on data obtained previously, ref 17.
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Fig. 2.2.13. The Activity of AgCI in

and AgCI.LiCI Systems at 800°C.

21 M• B. Panish, ANP Quar. Prog. Rep. Sept. 10. 1956,
ORNL-2157. p 116.
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2.98 for Cl- and 4.24 for Br-. ThEl Ag + ion has

a polarizability of 1.9 compared with 0.03 for
Li + and 0.24 for No +.

The effects of composition on activities in the

systems Nael-Agel (ref 21) and LiCf-AgCI were
measured to illustrate positive deviations from
Raoult's law in contrast to the negative deviations
predicted by the hard sphere model. Positive devi­
ations were found experimentally that were smaller
with Na + than with Li +, as shown in Fig. 2.2.13.

Some of the stability of pure AgCI can be attributed
to the partially covalent nature of the bonds be­
tween Ag + and CI- ions, wh ich in turn is due to the
polarizability of these ions. The effect of neigh­
boring alkali cations on the loss of the covalent
character ("depolarization" of the chloride ion)
and the consequent decrease in the stability of
AgCI is reflected in the trend toward positive
deviation. The increasing negative trend with
increasing alkali cation size i.s in accord with the
expected smaller electrostatic affraction between
chloride ions and the larger alkali cations.

The correlations described above apply to several
other systems which contain polarizable ions

18 C. M. Blood ond G. A. Polmer, ANP Quar. Prog. Rep.
Dec. 31. 1956, ORNL-2221, p 120, and previous reports
in thi s ser i e s.

19M• Blonder, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL·2221, p 140.

20 J. A. A. Ketelaur, Chemical Constitution, Table 9,
p 90, EI sevier, Houston, 1953.

ACTIVITIES FROM EMF MEASUREMENTS OF

MOLTEN AND SOLiD SOLUTIONS OF SALTS

M. B. Pan ish

It has been noted as a result of continuing
investigations directed toward understanding the
corrosive behavior of salt melts that many of
the distinctive features of the molten fluorides
of interest as reactor fuels can be explained with
models based on the premise that the ions behave
as hard, charged balls. For example, the negative
deviations from Raoult's law, which are charac­
teristic of the fuel mixtures, can be correlated,
as far as relative magnitude is concerned, with
the ca leu lated e lectrostati c forces between charged
spheres having the same charge-to-radius ratio
as the ions in the fuel mixtures. 19 (See also
section in Chap. 2.3 on "Some Aspects of Solution
Behavior in Fluoride Melts," this report.) Com­
parison with the behavior of other salt mixtures
which cannot be explained by such a simple model
shows that the difference is due to the presence
of polarizable ions, that is, ions whose charge
distribution can be distorted into nonsymmetrical
configurations by neighboring ions. Estimates
based on refraetivities20 indicate that the F­
ion has a polarizability of 0.81, compared with

previous studies of the equilibrium reduction of
metal fluorides by hydrogen in NaF-ZrF 4 (ref 18).

The observed change in the value of the activity
coefficient ratio with the change in solvent was
expected, since a strong fluoride donor such as
KF-LiF would tend to "level" the differences
between two "amphoteric" solutes. It should be
noted that the large values found for the activity
coefficient ratios of iron and nickel fluorides are
probably due to an error in the free energy of

formation of NiF 2' which enters the calculation
of activities from Daniell cells. Thus by de­
creas ing the present val ue of !1po for Ni F2 by
about 10 kcal (from -126 to -116 kcal at 100OOK),
the experimental results can be brought into better
accord with theoretical postulates.

1Xl
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24A. Klemm, in Z. Elektror:hem 58, 609 (1954), has
demonstrated the feasi bit ity of separating the isotopes
of lithium by electrolyzing molten LiCI with chlorine
electrodes as both anode and cathode.

Electromigration in molten salts has been
shown to be a successful means for separating
isotopes,24 and therefore it is of interest to de­
termine the usefulness of this technique for the
presumably eas ier problem of separating ions
of different elements in fuel mixtures. Electro­
migration accomplishes separation by taking
advantage of the differences in mobility of the
Ions. The electrochemical cell used is contrived
so that the electrolytic product at one electrode
is consumed at the other, and no net chemical
transformation is accomplished. After operation
of such a cell for a period of time, the fastest
cations accumulate near the cathode, and the
fastest anions near the anode. In a molten salt
mixture containing a common anion, such as molten
fluorides or chlorides, a separation of the cations
can be accomplished if remixing is prevented.
Remixing can be suppressed by the use of a small
cross-section cell and packing and by the avoidance
of temperature gradients which would result in
convection currents.

The separation of Li+ and NiH ions in a chloride

melt was studied at temperatures between 650

ELECTRO MIGRATION IN MOL TE N SAL TS AS A

POSSIBLE SEPARATION TECHNIQUE FOR

PROCESSING FUEL

M. B. Panish

concentration ranges in which the activity of AgCI
decrea ses wi th increas ing concentration. Such
unusual activity curves apply only to metastable
conditions "frozen" by the slowness of diffusion
in the solid; they could never persist in a melt,
but it is of interest to note that they can have a
real existence if the most obvious interpretation
of the data is correct.

The results on the LiCI-AgCI system lend support
to those prev ious Iy found for the Nael-Agel
system 21 and favor a revi s ion of the shape of
the activ ities curve descri bed in the earl ier report
to conform to Fig. 2.2.14. The main deterrent
to the application of similar techniques to fluoride
fuels is the lack of a suitable substitute for a
fluorine electrode. As a consequence, it is neces­
sary to make comparisons with chloride systems.

•
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Fig. 2.2.14. The Activity of AgCI in AgCI-NaCI and

AgCI·LiCI Solid Solutions at 400°C.
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22 T• Fori and, On the Properties oj Some Mixtures 01
Fused Salts, Penn. State Univ. Tech. Rep. No. 69
(June 1956).

23Potential of the cell AgO/ AgCI (sol id solution)/C12°
was obtained as a function of temperature and composi­
tion. There is apparently sufficient electrolytic con­
ductivity of the crystal to allow potential measurements
reproducible to ±1 mv. These potentials were considered
to be a close approximation to the reversible values.

and which exhibit a tendency toward positive
deviations. 22 By contrast, the fluoride fuel sol·
vents give Iittle evidence of behavior resembl ing
that attributed to polarizable ions. This contrast
strengthens the conclusion that fluoride melts
can be considered as relatively unaffected by
polarization and indicates that fluoride melts can
be adequately represented by simpler models than
those required for molten salts in general.

In the course of the electrochemical studies
of the LiCI-AgCI and NaCI-AgCI systems, at­
tention was also given to the solid solutions
found below the solidus. Measurements 23 at
4000C, for example, give the activities shown in
Fig. 2.2.14. The significance of these meas­
urements is twofold. First, they provide activities
in a solution whose structure is known, since
the solid-solution crystals have a simple cubic
lattice. Second, they indicate the existence of

:

•
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Fig. 2.2.1 S. Apparatus for Studying E lectromigration.

working in fluorides rather than chlorides represent
some extremely formidable problems. Even the
chloride systems seem likely to be very awkward
from an engineering standpoint.

ANP PROJECT PROGRESS REPORT

and 750OC. Chlorides were chosen in order to
allow the use of a quartz-glass container and
chlorine electrodes. The Li+ ion was chosen
both because it is of practical interest and because
it has high mobility. The NiH ion was chosen
because its blue color served as a good indicator
and allowed the movement of the ion to be followed
visually, even for Ni++ concentrations as low as

0.001 mole fraction. A diagram of the cell is
shown in Fig. 2.2.15. Substitution of HCI for
CI 2 as the gas supply to the electrodes eliminated
much of the difficulty from bubble formation in
the packing. This effect could be explained by
a smaller temperature coefficient of solubility
for HCI than for Cl 2 , coupled with higher tem­
peratures in the packing because of the higher
resistance.

The NiCI 2 was added by breaking a frangible
seal at the bottom of the U-tube. A 0.5-amp
current, which corresponded to a nomina I current
density of approximately 20 amps/cm 2 in the
electrolyte in the packed column, was maintained.
The cell was viewed through a slit in a clamshell
furnace; the boundary changes were fo lIowed
with a cathetometer.

The experimental results obtained at 650 to
75fJJC showed that the boundary between the
colorless solution and the solution colored blue
by the NiH ions moved toward the anode, and
thus the Li + ions moved faster than the Ni H
ions. If Li+ ions had carried all the current, the
boundary would have moved at a calculated rate
of 22 mm/hr under the conditions of the experiment.
The measured rate was 20 ± 2 mm/hr. If the experi­
mentally observed value of 20 mm/hr is assumed to
be correct, and if the chloride lattice is considered
to be stationary, the Li + ions moved about 20
times as fast as the NiH ions. As a result of
the uncertainties in the assumptions, however,
this conclusion must be considered as repre­
sentat ive and qual itative rather than quantitative.
Within the accuracy of the measurements, no
temperature effect was found between 650 and
75ooC. In principle, electromigration should be
a very efficient means of recovering Li+ from a
spent fuel, but the engineering arrangements for
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2.3. THEORY OF MOL TEN FLUORIDE BEHAVIOR

F. F. Blankenship
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SOME ASPECTS OF SOLUTION BEHAVIOR
OF FLUORIDE MELTS

R. F. Newton F. F. Blankenship

The polarizabi lity of ions, which can be inter­
preted in terms of partially covalent bonds between

ions, is a factor in the solution behavior of molten

fluoride melts that is usually secondary but which

may be important in many molten electrolytes.

Fortunately, the fluoride melts of interest as

reactor fuels represent a rather extreme case in

which the effects of polarization of the ions appear

to be of little consequence.

Foremos t among the factors contro II ing the

solution behavior of molten electrolytes is the

effect of ion charge and size on the coulombic

force between neighboring ions. Progressively

smaller contributions to the energy of a solution

CONFIGURATION C

CONFIGURATION B

CONFIGURATION A

Fig. 2.3.1. Diagram of Cation Repulsion Energies for

Various Ion Configurations Showing the Gain in Stability

upon Mixing.

CORRELATIONS OF MOLTEN FLUORIDE
BEHAVIOR BASED ON CHARGE-TO-ION

RADIUS RATIOS
M. Blander

An attempt has been made to correlate the be­

havior of molten fluorides from the standpoint of

cation-anion attraction. Emphasis on cation-anion

affinity has, however, largely obscured the effects

of repulsion of like charges in the melt, which

are probably more important than cation-anion

attraction effects in causing negative deviations

from ideal solution behavior in liquids in which

the components mix with little or no structural

change. To the extent that emphasis on cation­

anion attraction implies the existence of discrete

complex ions in all fluoride melts, the concept is
misleading.

A mixture of salts with slightly different Z/R
(charge-to-ion radius) ratios, in which no structural

change from that of the molten components results,

will be energetically more stable than the unmixed

sal ts, a Ithough the an ion-cation attractive forces

are not altered by the mixing. An example of this

is shown in Fig. 2.3.1. Confi guration A for the

mixture is more stable than the average of config­

urations Band C, which represent the pure com·

ponents, in that the Iarger the difference in 1/r for

Li+ and K+ or in Z/r at equal r for the two cations,

the more negative becomes the energy of mixing,

~E (mixing). If the Z/R ratios of the two salts

differ only slightly, the structure of the mixture
will differ only sl ightly from the structures of

the components, and the extra stabi Iity of the
mixture will be small.

If the Z/R ratios differ considerably and es­

pecially if the salts are of widely different valence

states, the extra stabi Iity of the mixture wi II be

large, and the structure will be considerably dis­

torted in comparison with the structures of the

component salts, that is, the larger the difference

in Z/R ratios, the more stable the mixture relative

to its components. F or components wh ich mi x

without a change in coordination number and with

little distortion, the negative deviation from ideal

solution behavior is accounted for, in the main,

by a decrease in cation repulsive energy upon

mixing.

:

•

123



ANP PROJECT PROGRESS REPORT

configuration result from electrostatic interactions

between next nearest neighbors, and so on, until
the effect becomes negligible with distance. This
electrostatic behavior has long been recognized
as a controlling factor in the lattice energy of

ionic crystals.
All the molten fluorides which have been con­

sidered as possible fuels in the large development
program contain cationic components of widely
different valence state (U4 +, Zr 4 +, Be2

+, No l
which may be expected, from any standpoint, to
show large negative deviations from ideal solution

behavior and large distortions from the structures

of the pure molten components. Accordingly, it
is convenient to correlate the observed behavior
of these comp lex Iiqu id systems in terms of the

attraction between the fluoride ions and the neigh­

boring cations.
The attract ive force is gi ven, for the case in

which the ions are in direct contact by the relation

Ze 2

F
(r + + r ) 2

where F is the attractive force, Z is the charge

on the cation, e is the charge on thea electron, r +

is the cation radius, and r_ is 1.33 A, the radius

of an F- ion. It is convenient to use r in ang­

stroms, the charge of the electron as the unit of
charge, and Z as the valence of the cation. In
these units the attractive energy (E) between a

flouride ion and a cation it is touching is

E
r + + r_

which IS numerically equal to -Z/R where R

=r++r_"

The ions in a solution tend to arrange them­
selves in positions of lowest energy. Accordingly,

the mutual energy value -Z/R determines the
position of the fluoride ions with respect to alter­
native cations, and fluoride ions will prefer as
nearest neighbors those cations which yield the
largest Z/R ratios. 1 The Z/R values derived

l This viewpoint assumes that alternative positions
exist. Such an assumption can be avoided and the same
qualitative correlation can be reached by attributing the
negative deviations to the decrease in cation-cation
repulsion that occurs when salts of different 2/R values
are mixed.
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from estimates of ionic radii in crystals are given
in Table 2.3.1.

An increase in the difference in the Z/R ratios
of the cations of a fluoride solution will result in

an increase in the negative deviations from ideal
solution behavior shown by the mixture. Examples
of conformity with this Z/R rule were given

. I 2prevIous y.

In order to predict the behavior of solutes in
binary solvents it is necessary to know the effective

Z/R for the binary solvent. Presumably the

effective Z/R for the solvent (as for any mixture)
varies with composition between the values for
the pure components; however, the precise shape
of the curve (or surface) for Z/R vs composition

is not readi Iy ascertained. If the Z/R ratio for a
simple solute is identical with the effective Z/R
ratio for the complex solvent, the solution com­

position at this point can be termed the neutral
composition. The activity coefficient of the solute
is at a maximum at the neutral composition, and
the further the compos it ion of the so Ivent from
this composition the smaller will be the activity
coefficient of the solute. This principle provides

a basis for evaluation of effective Z/R ratios for

the NaF-ZrF 4 system, for example, as a function
of composition. From measurements of activity

coefficients of solutes as a function of solvent
composition, neutral compositions and effective
Z/R ratios for the solvents can be establ ished.

This process will be relatively laborious, and
completely quantitative data will be unavailable
for some time. An attempt is made in the next
section of this chapter to extend this concept
with the available data. The principle is quite
useful, however, even in qualitative form, in that
it can be used to explain the apparently anomalous
differences in vapor pressures of the NaF-ZrF 4

system when UF 4 is added or substituted.

Mixtures of NaF (Z/R = 0.43) and ZrF 4 (Z/R
1.82) corresponding to Na2ZrF 6 show large

negative deviations from ideality, and the vapor
pressure of ZrF 4 from such a mixture is much less

than would be expected. The addition of UF 4

(Z/R = 1.68) to such a melt serves to increase
the average Z/R for the mixture and thus to lower
the activity coefficient of NaF and to raise the

activity coefficient of ZrF 4' Accordingly, the

2M• Blander, ANP Q P R P D 31 1956uar. rag. e. ec.. ,
ORNL-2221, p 140.
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Table 2.3.1. Valence-ta-Radius Ratios for Fluoride Salts Based on Goldschmidt'sa Values of Ion Radii

Cation Cation
Cation Rodius Z/(r+ + r_) Cation Radius Z/(r+ + r_)

• (r +) (r+)

Cs + 1.65 0.34 La3+ 1.22 1.18

Rb+ 1.49 0.36 Ce3+ 1. 18 1.19

K+ 1.33 0.38 Pr3+ 1. 16 1.20

Na+ 0.98 0.43 Nd 3+ 1. 15 1.21

Cut 0.96 b (0.44) U3+ 1. 14 c (1.21) ?

Li+ 0.70 0.49 Sm3+ 1. 13 1.22

Ba ++
Eu3+ 1.12 1.22

1.43 0.73
Gd 3+

S/+
1.11 1.23

1.27 0.77
Bi 3+

Ca++
1.1 1.23

1.06 0.84 y3+
Cr ++ 0.93 d 1.06 1.26

(0.88)
Fe3+

Fe ++
0.67 1.50

0.83 0.93
Cr3+

Co++
0.64 1.52

0.82 0.93
A1 3+

Cu++
0.57 1.58

0.8 0.94

NiH 0.78 0.95 Th4+ 1.10 1.65

Mg ++ 0.78 1.00 U4+ 1.05 1.68

Be++ 0.34 1.20 Zr4+ 0.87 1.82

Ti 4 + 0.64 2.03

aVo M. Goldschmidt (ed., A. Muir), Geochemistry, Clarendon Press, Oxford, 1954.
bL, Pauling, ]. Am. Chem. Soc. 49, 765 (1927).
cFrom data on UCL3 given in J. J. Katz and E. Rablnowitch, The Chemistry 01 Uranium, NNES, p 453, McGraw­

Hill, New York, 1951.

d From J. H. Hildebrand and R. E. Powell, Principles 01 Chemistry, 4th ed., p 267, Macmillan, New York, 1940.

addition of UF 4 to Na 2ZrF 6 should increase the
vapor pressure of ZrF 4' and it has been observed 3

that, when sufficient UF 4 is added to Na 2ZrF 6

to attain NaF-ZrF 4-UF 4 (50-25-25 mole %), the
vapor pressure of the melt is increased from 3 to
10 mm Hg at 9120C. This remarkable increase,
which occurs even though the ZrF 4 concentration
of the melt is reduced from 33.3 to 25 mole %,
indicates that small Z/R changes have very

noticeable effects.

3From equation given by R. E. Moore in ANP Quar.
Prog. Rep. March 10, 1953, ORNL-1515, p 159.

The effective Z/R for the mixture is reduced

sl ightly, however, when 7NaF·6UF 4 is added to
7NaF·6ZrF (replacement of ZrF 4 by UF ..). This
shift of Z!R in the direction away from the high

Z/R value for ZrF4 reduces the activity coeffi­

cient for ZrF4' and accordingly the vapor pressure
of ZrF4 should decrease more rapidly than would
be expected from the decreased concentration of

ZrF4' This expected more pronounced decrease
was found experimentally, as reported previously.4

45• D. Christian and S. Cantor, ANP Quar. Prog. Rep.
Dec. 31, 1956, ORNL-2221, p 146.
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A STRUCTURE MODEL AND AN ACID·BASE

SYSTEM FOR FUEL MIXTURES

D. G. Hill F. F. Blankenship

A useful qualitative model for describing the
liquid structure of fuel mixtures based on the
NaF-ZrF 4 system was devised in which liquid
ZrF 4 is considered to be a somewhat disorganized
lattice of fluoride bridges connecting zirconium
ions. S At the other end of the system, molten
NaF contains sodium ions and fluoride ions. The

addition of NaF to ZrF 4 results in the breaking
of the bridges to give zirconium ions which are
surrounded partially by bridging fluorides and
partially by nonbridging fluorides.

According to the proposed model, the addition
of ZrF4 to a large excess of NaF results in the
formation of ZrF 7--- ions, and thus for the com­

position range of up to 25 mole % ZrF 4 the liquid
is composed of Na+, F-, and ZrF

7
--- ions. At

25 mole % ZrF 4 most of the free fluoride ions have
been incorporated in ZrF 7---, since the stoi­

chiometry of the melt conforms to Na 3ZrF 7 (ref 6).
The fluorides attached to the ZrF7 --- ions are

examples of nonbridging fluorides, as distinguished
from free fluorides and bridging fluorides. If
more ZrF 4 is added, it cannot form additional
Zr F7- - - ions but can only shore some of the
already complexed fluorides. The shored fluorides
are referred to as bridging fluorides.

With increased ZrF 4 concentrations, there is
a further decrease in the number of nonbridging
fluorides and on increase in the number of bridging
fluorides to eight per zirconium in pure ZrF 4

(ref 7). If an assumption is made regarding the

SR. D. Burbank in The Crystal Structure of Uranium

Tetrafluoride, K-769 (June 6, 1951), describes the struc­

ture of UF 4 crystal s, which are isomorphic with ZrF 4'

as on ionic lattice in which each uranium ion is sur­

rounded by eight fluorine ions.
6 + ---The K ions and ZrF7 ions are the structural units

in solid K3ZrF 7, which is isomorphic with Na 3ZrF
7

,

accord ing to W. H. Zachari asen, Acta Cryst. 7, 792

(1954). The sharpness of the phase diagram maxima

corresponding to thi s fami Iy of compounds indicates

that they melt with little dissociation.

7 S. Langer, in Chap. 2.4 of this report, has observed

that UF 4 melts without appreciable expansion. The

model assumes that ZrF 4 behaves analogously and that

the coordination number remains unchanged.
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coordination number of the Zr 4 + ions, a more
definite picture of the liquid structure of fuel
compositions near 50 mole % ZrF 4 is available.

Because of the radius reltaionships, no more
than seven fluorides can touch a Zr 4 + ion at one
time. If seven, which is near the upper limit,
is used as the coordination number for the 50
mole % ZrF 4 region, about 40% of the fluorides
are shored, or bridgi ng, and 60% are un shared,
or nonbridging, as in ZrF 7---. There are no

discrete groups of ions that form a structural

entity or complex, such as ZrF S - ions. Rother
there is on interlocking network of Zr 4 + ions

joi ned by on overage of four bridges to other

ions. The U4 + ions substitute for Zr 4 + ions

without altering the picture very much, and No +

ions, also present, maintain electroneutral ity in

the vicinity of nonbridging fluorides. The situation
is not static, since there is on extremely mobile
equilibrium between the kinds of fluorides, and

the bridges are easily broken and reformed.

For simplicity the model has been described
as though free fluoride ions did not exist at higher

concentrations than 25 mole % ZrF 4' Actually
they are present throughout the composition range
but their effective concentration diminishes rapidly

with increasing ZrF 4 concentration. Since the
complexing potential ities of a fluoride melt depend
on the fluoride ion activity, it is very important
to know how this activity varies with composition.
Unfortunately, it cannot be measured.

The fluoride ion activity can, however, be
conveniently correlated in a qualitative manner
by an acid-bose scheme in which cations are
rated according to their tendency to behove as
fluoride donors or acceptors. If fluoride donors
are defined as bases and fluoride acceptors as
acids, the cations fall into the same general
pattern as that used for the classification of
oxides as acidic or basic. The No F compound
is an example of a strong base and ZrF 4 of a
strong acid. The stronger the acid and the bose
that are combined, the stronger they complex each
other on mixing, or stated in thermodynamic terms,
the greater are the negative deviations from ideal
solution behavior shown by the mixture. The
resulting mixture can also be classified as acidic
or basic. Fuels based on the LiF-NaF-KF eutectic
ore strongly basic, and they highly complex cor­
rosion products, since the latter are usually

..
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attraction energy of adjoining ions (ZIR ratios),
obtained by dividing the valence of a cation by
the center-to-center distance between the cation
and on adjoining fluoride ion, are, as explained

in the preceding section, energy terms which can
be used as a measure of the fluoride affinity of
a cation. A line joining the ZIR ratios for the
extremes of the composition range is a very rough
first approximation for evaluating the effective
ZIR values at intermediate compositions. At
the neutral compositions, described in the preceding
section, the fluoride affinity of a salt is the some
as that of the solvent. Thus the corrected curve
for matching compositions to ZIR values is found
by plotting the neutral compositions for various
solutes.

Currently only one intermediate neutral point
can be approximated. The factors which influenced
the choice of NaF-ZrF 4 (53.47 mole %) as a fuel
solvent served to give a melt in which FeF 2
behaves ideally. B This point has been plotted
in Fig. 2.3.2 to give three points through which
ta draw a curve. Since the liquid structure probably
changes around 25 mo Ie % ZrF 4' and s in~e the
position of the curve is uncertain, the maximum
curvature was located at 25 mole % ZrF 4' The
simplest application of the plot involves the im­
plicit assumptions that only negative deviations
occur and that marked pos itive deviations are
artifacts. This assumption is valid to the extent
that effects due to polarization of the ions are
absent and that real positive deviations can be
regarded as evidence of polarization.

The purpose of such plots is to aid in predicting
the relative acidity or basicity of a solute toward
a solvent. This permits estimates of the relative
negative deviations of solutes and, hence, also
relative solubilities in case the pure solute is
the saturating phase. An important use is the
selection of solvent compositions which will
reduce corros ion by comp lexing the corros ive
agents rather than the corrosion products. Because
of uncertainties in theory, ion radii, and neutral
compositions, the plot is subject to revision.
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amphoteric. In contrast, fuels based on the NaF­
ZrF 4-UF 4 system are nearly neutral with respect
to corros ion products.

In order to map the relative acidity of a fuel
solvent on a numerical scale, it is convenient
to use a plot having ZIR ratios for the ordinate
and solvent composition (in mole %) for the
abcissa, as shown in Fig. 2.3.2. The coulombic

Fig. 2.3.2. An Acid-Base Scale for Predicting Neutral

Points of Solutes in NaF.ZrF4 Melts (Tentative).
Be. M. Blood and G. M. Watson, ANP Quar. Prog. Rep.

March 10. 1956, ORNL-2061, p 84.
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2.4. PHYSICAL PROPERTIES OF MOLTEN MATERIALS

F. F. Blankenship

VAPOR PRESSURES OF MOLTEN FLUORIDES

S. Cantor

The importonce of detai led knowledge of salt

vapor behavior in both engineering considerations

and in the solution theory of fuels has focused

attention on the need for determinations of the

vapor pressures of the less volatile components

in fuel mixtures. For a theoretical understanding

of solutions of molten electrolytes, vapor pressures

provide in principle a direct means of obtaining

the thermodynamic activities of the constituents.

In practice, the presence of associated molecules

in the vapor phase greatly complicates this method

of arriving at activities. It was formerly thought

that temperatures high enough to melt the alkali

halides should prevent the existence of all but

the simplest, or monomeric, molecules in the

vapor; however, this is not the case. As was

recently shown convincingly by Miller and Kusch,1

there are appreciable quantities of dimeric and

trimeric molecules in the vapor of alkali halides.

In order to proceed with a determination of

vapor species, the absolute vapor pressures of

molten alkali fluorides were measured by the quasi­

static method2 used in this laboratory for obtaining

vapor pressures of fuels. A sufficiently wide

temperature range was covered to give curvature

l R• C. Miller and P. Kusch, J. Chern. Phys. 25, 860
(1956).

2W• H. Rodebush and A. L. Dixon, Phys. Rev. 26, 851
(1925).

on a log p vs liT plot. Hence the data, sum­

marized in Table 2.4.1, can be more accurately

represented by means of the Kirchhoff equation,

A
log P H = -- - B log T + C •mm 9 T

The constants were evaluated by following a

procedure resembling that used by Kelley.3 Com­

parison with previously reported absolute pressure

measurements 4 ,5 is scarcely feas ible because of

the uncertainties in the extrapolations (as much

as 350::>C) required to reach the ranges shown in

Table 2.4. l.
Transpiration or carrier gas methods were used

at lower temperatures for LiF,6 NaF/ and RbF S

at Battelle Memorial Institute, and for NaF and

KF by Naryshkin. 9 In these methods, however,

the weight of vapor required to saturate a known

3K• K. Kelley, Bulletin 383, Bureau of Mines, 1935.

4H• von Wartenberg and H. Schulz, Z. Elektrochem.
27, 568 (1921).

50. Ruff, G. Schmi dt, and S. Mugdan, Z. arlOrg. allgern.
Chern. 123, 83 (1921).

6 E• M. Simons and R. J. Carlson, Progress Relating
to ANP App fications August-October, 1956, BMI- 1148,
p 19 (Nov. 27, 1956).

7K. A. Sense et al., Vapor Pressures 01 the Sodium
Fluoride-Zirconium Fluoride System and Derived In/orma­
tion, BMI-1064 (Jan. 9, 1956).

SR. W. Dayton and C. R. Tipton, Progress Relatinf to
Military Applications During October, 1956, BMI·l 45,
p 85 (Nov. 1, 1956).

91• I. Naryshkin, J. Phys. Chern. USSR 13, 528 (1939).

Table 2.4.1. Vapor Pressures of Pure Alkali Fluorides

Experimental Ranges

Compound Equation Temperature Pressure
(lK) (mm Hg)

LiF Log P == -(13,890IT) - 4.021 log T + 23.165 1328-1575 1.3-30.8

NaF Log p "" -(14,609/T) 3.518 log T + 21.863 1381-1592 1.7-26.6

KF Log P = -(1l,910/T) 3.518 log T + 21.002 1199-1505 1.8-81.4

RbF Log P = -(ll,373fT) 3.518 log T + 20.995 1154-1451 2.2-106

CsF Log P "" -(9,845IT) - 3.518 log T + 20.556 1009-1379 1.7-242
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volume of carrier gas is measured, and absolute

vapor pressures cannot be obtained without an

independent determ ination of the mo lecul or we ight

of the vapor. The molecular weights that must be

used to bring transpiration data into agreement

with the absolute pressures given in Table 2.4.1
have been calculated, in some cases, where

su itable data were ava iI able. The molecu lor

weight calculations were based on the assumption

that the vapor cvnsisted only of monomeric and

dimeric molecules, and the results, shown in Table

2.4.2, will undoubtedly be subject to considerable

revis ion as better measurements are made. The

increasing proportion of dimeric molecules with

increasing temperature in the case of LiF is not

as improbable as it might seem at first glance.

The vapor is in equilibrium with the liquid, and,

if the pressure effect is greater than the tem­

perature effect (heat of vaporization is greater

Table 2.4.2. Tentative Estimates of the Percentage of

Monomeric Molecules in the Saturated Vapor of Various

Molten Alkali Fluorides

Temperature Monomeric Molecules in Vapor (%)

(OK) LiF NaF KF RbF

1400 52.9 48

1300 69.2 45.2 76.5

1200 82.1 (Solid) 68.7 76.3

1100 (Solid) (Solid) (Solid) 70.5

PERIOD ENDING MARCH 31,1957

than the heat of dissociation), the proportion of

dimeric molecules should increase.

SURFACE TENSION AND DENSITY

OF MOLTEN UF 4

S. Langer

A preliminary value for the density of molten

UF 4 was obtained for use with previously reported

sessile-drop data 10 to give the surface tension of

molten UF 4' At 1075°C, a density of 6.80 ± 0.09
g/cm 3 was found by using graphite pycnometers.

There were some difficulties in cal ibration of the

pycnometer wh i ch prevent th i s val ue from bei ng

regarded as final. It leads to a surface tension

of UF 4 of about 180 dynes compared with the

val ue of about 140 dynes found from the pre­

liminary estimates given in the previous report. IO

Further experiments are currently being made in

order to obtain a firm value for the density.

The tentative experimental value given above

for the density of liquid UF 4 is, surprisingly,

greater than the density of so lid UF 4 (6.63 g/cm 3

based on x-ray data).11 The greater density of

the molten material and the behavior of the salt

surface level upon freezing in the pycnometer

appear to indicate that UF 4 either contracts or

expands only very slightly upon melting.

10S. Longer, ANP Quat'. Prog. Rep. Dec. 31. 1956.
ORNL-2221, p 152.

IIR. D. Burbank, The Crystal Structure of Uranium
Tetrafluoride, K-769. p 14 (June 6, 1951).
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2.5. PRODUCTION OF PURIFIED FLUORIDE MIXTURES

G. J. Nessie

PRE PARAT ION OF VAR IOUS PURE FLUOR IDES

B. J. Sturm L. G. Overholser

Preparation of YF 3

The continuing interest in moderators for use at
high temperatures encauraged considerable study
of the hydride of yttrium. Since the hydride is
prepared from metallic yttrium, which is made by
reduction of YF3' it has been necessary to prepare
considerable quantities of YF 3 for evaluation in
the metal manufacturing step.

The method of preparation used to date has been

to dissolve Y203 in the minimum quantity of
aqueous HCI solution and to precipitate the
fluoride by the addition of aqueous HF solution.
The solid product is washed by decantation,
recovered by centrifugation, and given a pre­
liminary drying at 150°C in air.

The crystalline product is dried for 4 to 6 hr
at 250°C under flowing helium in nickel equipment
and then treated, in this equipment, with anhydrous
HF at 700 to 750°C for 12 hr. About 1400 g of
YF 3 has been prepared in this fashion.

Preparation of Fluorides of Molybdenum

A previous report in this series 1 described the
preparation of what appeared to be a lower fluoride
of molybdenum by reduction of MoF6 with FeF 2 ,

In additional experiments this reduction product
has been collected in a condenser maintained at
110°C and subsequently redistilled in glass appa­
ratus. The yellow product, which is very unstable
toward traces of moisture, melts at 78°e. This
is considerably higher than the 60°C previously
reported 1 as the melting point of the material
before distillation.

The unstability of the material to air and moisture
makes it difficult to obtain a clear x-ray pattern.
The best data avai lable to date indicate the solid
to be tetragonal with a = 11.62 Aand c = 9.26 A.
The available chemical analyses do not serve to
demonstrate conclusively that the material IS

MoF 4 • Additional studies will be required to

1 B. J. Sturm and L. G. Overholser, ANP QuaT. PTOg.
Rep. Dec. 31, 195~. ORNL.2221. p 153.

1:J)

identify the compound or compounds in this yellow
material.

Preparation of Other Materials

The method of preparation of FeF2 from

FeCI
2

·4H
2
0 has been improved considerably by

partial dehydration of the commercial material
before the hydrofluorination step. The substitution
of anhydrou s CrCI 3 for hydrated CrF3 as the raw
material for CrF3 preparation results in a pure
product; this improvement is entirely due to the
higher purity of the commercial chloride.

Hydrofluorination of CrCI 2 at 700°C yields a
product containing a small quantity of CrF 3 • Most
of this contaminant can be removed by treatment
with H

2
at 700°e. When this reduction is per­

formed in silver vessels, less Cr a contaminates
the product than when nickel vessels are used.

PILOT-SCALE PURIFICATION OPERATIONS

e. R. Croft J. Truitt

During the quarter the pilot-scale equipment (5-,
10-, and 50-1 b capaci ty) processed 42 batches
totaling 1575 Ib of the various fluoride compo­
sitions needed in phase equilibrium studies,
physical property measurement, small-scale cor­
rosion tests, and other experiments. A large
fraction of this material was NaF-KF-Li F·UF 4

(11.2-41-45.3-2.5 mole %). Usage of this material
seems to be fai r1y con stant at about 500 Ib per
month.

Ni ckel storage receivers have been shown to be
in adequate for the No F-K F-Li F-U F4 materia I. The
large expansion of the material upon melting
results in failure of 75% of the 50-lb storage
containers upon melting of the charge. Inconel
cans have, however, been shown to be satisfactory
for the SO-Ib batches. No fai lures have occurred
in the ten tests made to date; it is not certain,
however, that Inconel cans wi II be satisfactory
for 250-1 b or larger charges. When inadvertent
exposure of the molten salt mixture to air or water
occurs in Inconel cans, extensive contamination
of the melt with CrF

2
and FeF

2
results. Since

these contaminants cannot be removed economi­
cally by retreatment of the batch, the material must
be discarded.
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BATCHING AND DISPENSING OPERATIONS

2J . E. Eorgon, ANP Q P R D 31 1956uar. rog. ep. ec., ,
ORNL.2221, p 153.

New NaF has been obtained to replace the high­
water-content NaF previously received and used
as described previously.2 The new material meets
specifications, in general, but some of the drums
have a prohibitively large quantity of sulfur
(2000 ppm or more). With the avai lobi Ii ty of good

quality NaZrFs and the resultant low usage of
NaF, it is becoming more feasible to restrict the
use of NaF to cp-grade material.

The design and construction of the Y-12 fluoride
processing facility, which would have permitted
much greater throughput, has been postponed
indefinitely.

Reprocessing of a low-hafnium barren fluoride

mi xture (NaF-ZrF4' 50-50 mole %) to remove
excessive oxides and oxyfluorides was successful.
The material was then certified for use in the
Pratt & Whitney high-temperature critical experi­
ment.

A total of 15,700 Ib of processed fluorides was

di spensed during the quarter in batch sizes ranging
from 1 to 250 lb. At the beginning of the quarter,
wi th the anticipated accelerated production ac­
tivity, the stock inventory was completely modified
and redefined. Cleaning material previously in­
ventoried was removed from the inventory, and
compositions were listed so that the heading
"Special Compositions" contained all compo­

sitions besides those specifically numbered. As
a result, the present inventory figures differ con­
siderably from those of the previous quarter, but
the tota Is di ffer on Iy some 900 Ib, or the amount
of cleaning fluoride mixture previously carried in
the inventory. Also not listed in the inventory is
some 2500 Ib of stored salvage material being
stockpiled for use by the Chemical Technology
Di vi s ion for testing purposes.

A material balance for the past quarter is given
in Table 2.5.1. As can be seen from the figures
presented, a very sharp increase in production and
dispensing occurred during the quarter as a result
of the accelerated program initiated in November
1956. The large shipments to Pratt & Whitney
Aircraft and some increase in local consumption

D. C. WoodF. A. Doss

PROD UCT ION-SCA LE OPERA TIONS

J. E. Eorgan

During the quarter 46 batches total ing approxi­
mately 11,500 Ib were processed in the production­
scale faci lity. The transition to a seven-day
continuous production schedule was begun on
November 5, 1956 and full capacity of 4000 Ib per
month was attained in December 1956. No failures

of the copper-lined stainlessosteel reactor cans
occurred during the quarter. The reactors now in
service have each processed nearly 10,000 Ib of
material since thei r installation. If the supply

of storage cans can be maintained and no major
breakdowns occur, the present rate of production
can apparently be maintained indefinitely.

This accelerated program was adopted at the
request of the AEC to meet the estimated re­
quirements for processed fluorides to be used in
the ANP program by Pratt & Whitney Aircraft and
by ORNL. During the last month of this quarter,
however, the Pratt & Whitney requirements were
greatly reduced. The projected total requirements
for the last hal f of fi sca I year 1957 dropped from

37,000 to approximately 12,000 lb. Because of
the firm commitments made for the large amounts
of raw materials, the personnel, and the operating
equipment needed for the highly accelerated
program initiated in November 1956 and because
of the economies achieved by continuous operation,
it was deemed advisable to maintain the high
production rate until the end of this fiscal year.

However, the main objective has changed from
meeting immediate requirements to stockpiling
sufficient quantities of processed fluorides for
maintaining the ORNL effort in the ANP program
in fiscal year 1958. If this objective is attained,

the production faci lity wi II not be operated during
fiscal year 1958, except on a limited basis as
dictated by special large-scale demands of non­
standard fluoride compositions. At present the
estimated ORNL-ANP requirements are foreseen
as some 14,000 Ib of processed fluorides for fiscal
year 1958.

Some 18,000 of the 30,000 Ib of NaZrFs ordered
has been received. Difficulties encountered by
the vendor in eliminating oxide contamination and

adjusting the NaF-to-ZrF 4 ratios have been re­
solved by a visit to the vendor's plant. Subsequent
sh ipments have had the proper ratios, and the
previous high purity levels have been maintained.
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Table 2.5.1- Material Balance for Fluoride Mixture Production and Use

Material (Ib)

30 a 31 b 45 c 108 d 107 e Special Total

On hand at beginning of quarter 1452 1439 1787 994 564 1684 7,9201

Produced during quarter 3703 690 2343 5279 1386 82 13,483

Total 5155 2129 4130 6273 1950 1766 21,403

Dispensed during quarter 3147 1366 3573 5519 1327 771 15,703

On hand at end of quarter 2008 763 557 754 623 995 5,700

aComposition 30: NaF-ZrF4-UF 4 (50-46-4 mole %).

bComposition 31: NaF-ZrF4 (50-50 mole %).

cComposition 45: NaF-ZrF 4 (53-47 mole %).

dCampasition 108: NaF-ZrF 4-UF 4 (56-37.5-6.5 male %).

eComposition 107: NaF-KF-LiF-UF 4 (11.2-41-45.3-2.5 mole %).

IRevised figure obtained by subtracting 907 Ib of cleaning fluoride mixture from last quarter's balance.

resulted in an appreciable drop In stock inventory

by the end of th e quarter.

The main consumers of processed fluoride mix­
tures and thei r allotments during the quarter are
given below:

Consumer

ORNL·ANP groups

For chemical and physical property

studies

For experimental engineering tests

For metallurgical studies and fuel

reprocessing development

Pratt & Whitney Aircraft

For experimental use at Hartford

For high-temperature critical

experiments at ORNL

Other contractors, including BMI, NRL,

and WADC

Salvage and reprocessing

Total
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Amount (Ib)

284

2.444

1.948

7,500

1,366

187

1,974

15,703

SPECIAL SERVICES

F. A. Doss J. Truitt
D. C. Wood

Filling, Draining, and Sampling Operations

Approximately 4000 Ib of processed fluorides and
2500 Ib of liquid metals were charged into test

units. The charge sizes ranged from 1 to 500 Ib,
and some 170 operation s were performed.

Filling of Pratt & Whitney High-Temperature
Critical Assembly

The Pratt & Whitney high-temperature critical
assembly was charged with low-hafnium-content
Na F-ZrF4 (50·50 mole %) and the enriched con­
centrate NaF-UF 4 (66.7-33.3 mole %). The entire
fi II ing operation proceeded very smooth Iy, but the

first charge of barren material had to be withdrawn
from the sump shortly after it was loaded because
of a leak in the bottom of the sump. It was
possible to withdraw this material in a condition

suitable for re-use, and, after the sump was
repaired, the barren material was again charged

into the sump and enriching was started. The
loading operation began on January 9, 1957, and
was completed on February 4, 1957, at which time
the responsibility for loading of the assembly was
transferred to the Operations Group of the Criti­
cality Section for final additions of enriched
uranium with the ART enricher apparatus.
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2.6. COMPATIBILITY OF MATERIALS AT HIGH TEMPERATURE

F. Kertesz

...
PENETRATION OF GRAPHITE BY MOLTEN

FLUOR IDES

H. J. Buttram

The study of the behavior of graphite exposed
to molten fluorides was continued.] Tests were
conducted to evaluate a commercial graphite
specimen that was impregnated with NaF-ZrF4
(53.47 mole %) before being exposed to a fluoride
mixture containing uranium. The impregnation of
commercial APC graphite specimens was ac­
complished by immersing them for 24 hr in the
fluoride mixture melt kept at 800°e. After thi s
treatment, the impregnated specimen was heated
in vacuum for 24 hr at 5000C in order to remove

part of the ZrF4 and thus to obtain a residual
mixture with a higher melting temperature. It
would be expected that an impregnating material
that was solid when exposed to the uranium­
bearing melt would resist penetration more suc­
cessfully than one that was liquid and could thus
diffuse from the pores. Both the treated specimen
and a control sample that had not been heated in
vacuum were submitted for analysis. The results
of the analyses are presented in Table 2.6.1, along
with the calculated NaF-to-ZrF 4 ratios.

The analytical results indicate that the NaF
penetrated the graphite to a greater extent than
the ZrF4 did, by a factor of 12 (4.16/0.34). The
sublimation step effected a further separation of

the ZrF4' as was expected, and after subl imation
the NaF-to-ZrF4 ratio was further increased about

] H. J. Buttram, ANP QuaT. PTOg. Rep. Dec. 31, 1956,
ORNL-2221, p 158.

fourfold, with the final ratio of NaF to ZrF 4 being
about 16: 1.

Two other types of graphite, code Nos. R-28
and M.80, obtained from the National Carbon
Company were al so tested by impregnation, as
described above. The samples impregnated with
NaF-ZrF4 (53-47 mole %) were subsequently im­
mersed into NaF-ZrF4-UF 4 (53.5-40-6.5 mole%).
The alpha counts obtained from these specimens
were compared with the counts obtained with
specimens immersed directly into the uranium­
bearing mixture without preliminary impregnation.
The data obtained are presented in Table 2.6.2.
The results indicate that the graphite specimens
were not pen etrated to any cons iderable degree by
either of the salt mixtures, and thus these speci­
men s compare favorably in th i s respect wi th the
sample obtained from the Degussa Company of

Germany and, in addition, appear to have greater
strength.

ELECTROLYSIS OF THE NaOH-NI SYSTEM

F. A. Knox

In the course of electrolytic studies of the
NaOH-Ni system it has been established that, in
a nonisothermal system, the hot nickel electrode
is usually anodic and the cold electrode is
cathodic. It has been found, however, that th is
situation can be reversed by the use of a hydrogen
atmosphere. 2 Since NaOH is a potential moderator­
coolant material, attempts are being made to

2 A. Nichol sand D. R. Cuneo, private communication
to F. A. Knox.

Table 2.6.1. Analyses of the Fluoride Mixture NaF.ZrF4 Before and After Penetration into Graphite

NaF ZrF 4 No F·to-Zr F4

(wt %) (wt %) Ratio

Original fluoride mixture 25.3 74.7 0.34

Fluoride mixture in graphite specimen 80.6 19.4 4.16..
Fluoride mixture in graphite specimen after sublimation 94.0 6.0 15.80
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Table 2.6.2. Penetration of Graphite Specimens by NaF-ZrF4-UF4 (53.5-40-6.5 Mole %) in 24 hr at 800"C

Initial Weight Wei ght After Alpha Activity (cpm)

Graph ite Specimen After Exposure to ~ ~ .
Specimen Treatment 8 in. 4 In. J'

Weight Impregnation Uranium-Bearing At from fromCode No. (g) (g) Mixture Surface Surface Surface

R-28 0.9317 Placed in NaF-ZrF 4- UF4 0.9328 >1 0

(53.5-40-6.5 mole %) as

received

R-28 0.9396 Impregnated with NaF-ZrF4 0.9585 0.9544 >2 0 0

(53-47 mole %) before being

placed in NaF-ZrF4-UF 4
(53.5-40-6.5 mole %)

M-80 0.9474 Placed in NaF-ZrF 4- UF 4 0.9518 0

(53.5-40-6.5 mole %) as

rece ived

M-80 0.9574 Impregnated with NaF-ZrF 4 0.9680 0.9664 0 >1 >1

(53-47 mole %) before being

placed in NaF-ZrF4-UF4
(53.5-40-6.5 mole %)

balance the current in an effort to find a way to
eliminate the mass-transfer effects observed in
sodium hydroxide circulated under a temperature
gradient.

The experimental arrangement being used con­
sists of three closed concentric nickel crucibles,
which serve as electrodes, as shown in Fig. 2.6.1.
The outer vessel is 6 in. long and 2~ in. in
diameter. The middle container is 11~ in. in di·
ameter and a in. long, and a small hole was dri lied
in the bottom to allow the molten sodium hydroxide
to rise to the same level as in the outer container.
The inner electrode consists of a ~-in.-dia nickel
tube. The bottom of the tube was closed and a
thermocouple was welded inside. For tests, the
three electrodes were placed concentrically in
the furnace in a controlled atmosphere. About
150 g of sodium hydroxide was used as the charge.
In th is arrangement the outer electrode had hy­
drogen gas on one side and molten sodium

hydroxide on the other side. The middle electrode
had molten sodium hydroxide on both sides. The
effect of various arrangements could be studied
by connecting the electrodes to the positive or
negative poles of batteries.

In one experiment a relatively low test temper­
ature (550°C) was used; the middle electrode was
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connected to the negative pole; and the inner
electrode was connected to the positive pole of
the outsi de battery. Current and vol tage measure­
ments were made by slowly rai sing the applied
voltage and measuring the corresponding current.
Two sets of measurements were made with the
system under a hydrogen atmosphere and also with
the system under vacuum.

The results, plotted in Fig. 2.6.2, show that
under a hydrogen atmosphere the current increased
much faster than it did under vacuum, which
indicates that hydrogen participated in the current­
carrying mechanism.

Measurements were also made at aoo°c, with a
hydrogen atmosphere, for which the current flowed
either from the inner electrode to the outer elec­
trode or in the reverse direction. It may be seen
in Fig. 2.6.3 that, when the current was flowing
from the inner electrode toward the middle elec­
trode, the current increased continuously with the
voltage. In the reverse case a definite plateau
was reached, that is, as the voltage was increased,
the current remained constant up to a value some­
what be low 2 v. A theoreti ca I interpretation of
these results will require a more systematic study
of the effect of current density. The polarization
of hydrogen electrodes is probably involved.
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Fig.2.6.1. NaOH-Ni Electralysis Apparatus.
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PHYSICAL PROPERTIES OF ELASTOMERS
EXPOSED TO ATTACK BY LIQUID METALS

D. Zucker

The first in-service test of valve seat materials
exposed to helium saturated with NaK vapor was
completed in the apparatus described previously.3
The system and valves were opened and washed
with water, reassembled, and tested with helium
at 30 psi. The appearance of the valve seats and
their performance after reassembly indicate thot
General Electric SE-550 and SE-450, Dow-Corning
Silastic 80, and Du Pont 5570 withstood NaK

3 D. Zucker, ANP QuaT. PTOg. Rep. Dec. 31, 1956,
ORNL-2221, p 161.

Fig. 2.6.3. NaOH-Ni Voltage-Current Relationships

Under Hydragen at BDDDC.
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attack fairly well, with SE-550 possibly being very
slightly better than the other materials. These
materials cannot be used directly in the Skinner
electric valves currently being supplied for use
in the ART, but they might be acceptable if the
edge of the valve orifice were rounded.

136

A cursory test al so indicated that curing by
heating (200°C) and pressurizing of these material s
for 24 hr increased their resistance to attack.
The reason for this is not obvious, since these
elastomers were probably heat treated previously
at higher temperatures although not under pressure.

..
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2,7. ANALYTICAL CHEMISTRY

J. C. White J. R. Sites

DETECTION OF TRACES OF NoK IN AIR

A. S. Meyer, Jr. J. P. Young

The apparatus for the detection of submicrogram
quantities of sodium (NaK) in air was assembled and

subjected to prel iminary testing. Measurements
made with this instrument, which was discussed
previously, I are based on the absorbance of sodium
resonance radiation by sodium atoms. The instru­
ment is illustrated in Fig. 2.7.1. In the compartment
on the right, the Iight from a sodium vapor lamp
(not shown) is collimated by a simple lens. The
collimated light passes through a mechanical
chopper, which consists of a disk perforated to
pass light through three equally spaced 60-deg
sectors. The di sk is rotated at 30 cps by a synchro­
nous mot.or. The interrupted light passes through

1A. S. Meyer, Jr., et al., ANP Quar. Prog. Rep. March
10, 1956, ORNL-2061, p 207.

limiting circular apertures 72 in. in diameter to
produce the two beams of light shown in the central
portion of the photograph. The apertures can be
rotated about axes through their centers that are
perpendicular to the radius of the chopper in order

to balance the energy in the two beams. Under
conditions of exact alignment and balance the light
is collimated into two beams of equal intensity, and
each beam is interrupted at a frequency of 90 cps
in a manner which maintains the total energy of the
two beams constant.

In the second compartment the Iight passes
through a 20-mlL band.pass interference fi Iter and
the sodium-sodium doublet at 5890 A is iso(ated.
Both beams of light are focused by a converging
lens on the cathode of a photomultiplier tube. The
output of the photomultiplier tube is fed to a 90-cycle
tuned amplifier to yield a signal that is proportional
to the difference in intensity of the two beams of
light.

Fig.2.7.1. Apparatus for the Detection of Submicrogram Quantities of Sodium tn Air.
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In the tests which were carried out, a 5-in.-ID tube
furnace was placed between the two optical com­
ponents of the instrument. Absorption cells, con­
structed of 24-in. lengths of ;-in.-dia Inconel
tubing and fitted with end windows of optical
quartz, were placed in the furnace so that each
light beam traversed an absorption cell. After the
furnace was heated, the optical components were
aligned and the instrument was balanced by rotating
the apertures unti I a minimum signal was observed
on the output meter of the ampl ifier. A sample of
sodium-containing air, wh ich was prepared by
admitting measured quantities of helium that had
been saturated with sodium vapor to a stream of air,
was introduced into one of the absorption tubes, and
the deflection of the output meter was observed.

When 0 sample calculated to contain 250 ppb of
sodium was introduced into the absorption tube,
the observed signal produced a deflection equal to
twice that of the original balance of the meter. On
the basis of the observed stability of the instrument,
it was found that 100 ppb of sodium could be easily
detected. As was reported,2 however, the technique
used for the preparation of samples of sodium­
containing air did not yield quantitative transfer of
sodium to the air, and thus these preliminary
measurements may not truly reflect the sensitivity
of this instrument. It was found that no evidence of
sodium could be observed when the effluent gases
containing the sodium from the absorption tube were
passed through an air-propane flame. It appears
that the stipulated limit of detection of 10 ppb of
sodium can be achieved by appropriate sampling
techniques and refinements in the alignment of the
instrument.

Tests were carried out for selecting a suitable
material to use in the fabrication of orifices with
which to inject small quantities of NaK into air.
Zirconium was the only satisfactory material found
among the materials tested. A 0.003-in. orifice in
crystal-bar zirconium was enlarged less than 20% by
the ejection of NaK for a period of 30 min at a
temperature of 450°C. Under these conditions
nickel, Inconel, type 316 stainless steel, and
molybdenum are severely corroded by the oxides
of the alkali metals. Measurements of the flow
rates of NaK through small orifices indicate that
orifices approximately 0.002 in. in diameter will
be requ ired in order to ma inta in a suffic iently

2
A. S. Meyer, Jr., and J. P. Young, ANP QuaT. PTog.

Sept. 10, 1956, ORNL-2157, p 129.
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small flow of NaK to provide test samples for the
leak detectors. Since holes of this diameter cannot
be readi Iy mach ined, electrolytic methods of dri II ing 3

are being investigated.

DETERMINATION OF OXYGEN IN METALL Ie

LITHIUM

A. S. Meyer, Jr.
G. Goldberg R. E. Feathers

A method is being tested for the determination of
traces of oxygen in metallic lithium that is based
on the following reactions

2Li + 2CH 30H --~> 2LiOCH 3 + H2

Li 20 + 2CH 30H > 2LiOCH 3 + H20

LiOCH 3 + C 7H
6

0
3

(salicylic acid) )

LiC7 Hs0 3 +CH 30H

and the subsequent measurement of the water by the

Karl Fischer titration. The procedure, which was
developed by Nuclear Development Corporation of
America,4 offers a unique advantage in that the

sample can be washed free of surface contamination
immediately before the determination is performed.

The determination is carried out in the apparatus
shown in Fig. 2.7.2. A sample ("-'1 g) is placed in
the reaction vessel, and the apparatus is freed of
oxygen by evacuation and purging with helium.
Surface oxide is removed by transferring three 20-ml
portions of dried methanol from the titration flask to
the reaction vessel and allowing each portion to
react for 1 min at room temperature. After the final
wash solution has been withdrawn, a 60-ml volume
of methanol is transferred from the titration flask
to the reaction vessel, and the sample is dissolved
by gentle heating. A 20-ml portion of a 50% solution
of salicylic acid in pyridine that has been pretitrated

to the Karl Fischer end point is admitted to the
titration flask, and, when the dissolution is com­
pleted in the reaction vessel, the solution of lithium
methylate and water is transferred to the titration
flask. The solution in the titration flask is then
retitrated to the Karl Fischer end point. The
titration is corrected by substracting the volume of
Karl Fischer reagent that is requ ired to titrate a
60-ml portion of methanol.

3A• Uhlir, Jr., Rev. Sci. InstT. 10,965 (1955).

4N• I. Sox, private communication to J. C. White.

..
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Fig. 2.7.2. Apparatus for the Determination of Oxygen in Metallic Lithium by the Methanol Method.

The salicylic acid is used to drive the second
reaction to completion and to el iminate the inter­
ference of lithium methylate in the titration. The
common contaminants, Li 2C2 and Li 3 N, which
interfere with the determination of oxygen by the
amalgamation procedure, are decomposed according
to the following reactions:

Li 2C2 + 2C7 H60 3 ----.:.,> 2LiC7Hs0 3 + C2H2
I

Li 3N + 4C7H60 3 ----7') 3LiC7Hs0 3 +

NH 4C7Hs0 3

Since at least 60 ml of methanol is required to
dissolve a l-g sample of lithium metal, the methl]nol
must be thoroughly dried to avoid high blank ti­
trations and consequent loss of precision in the
determination of traces of oxygen. Methods for
drying methanol were tested that include distillation,
passage through chromatographic columns packed

with molecular sieves, vapor phase drying over
molecular sieves, and drying over oxides of alkaline­
earth meta Is. The concentration of water in methanol
was reduced to less than 10 ppm by distillation
through a 1DO-plate fractionation column after
preliminary drying over barium oxide. Alkaline­
earth and alkali metals are being tested as drying
agents in an effort to find a less time-consuming
method of reagent preparation.

A pressurized apparatus for the dissolution of
samples of lithium metal in ethereal solutions of
butyl iodide and iodines was constructed. It is
anticipated that in the pressurized apparatus the
dissolution of samples can be carried out with
smaller volumes of liquid reagents than are required
for the dissolution at atmospheric pressure, and
thus the effect of contaminants in the reagents can
be reduced.

SA. S. Mej'er, Jr., et at.• ANP Quar. Prog. Rep. Sept.
10. 1956, ORNL-2157, p 127.
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APPARATUS FOR SAMPLING AND ANALYZING

ALKALI METALS

A. S. Meyer, Jr.
R. E. Feathers G. Goldberg

A convenient receiver and transfer vessel was
designed for the handling of samples of alkali
metals. The apparatus, which is shown in Fig.
2.7.3, consists of a Jamesbury valve fitted with a
vacuum-tight compartment at one end and coupled
by a Tygon sleeve to a standard taper joint at the­
opposite end. When the apparatus is fitted to the
complementary joint of the analytical apparatus,
the transf~r of the sample of alkali metal can be

UNCLASSIFIED
ORNL-LR-DWG 19875

29/42 STANDARD TAPER
PYREX JOINT

TYGON TUBING

STAINLESS STEEL PIPE

TEFLON -PACKED
JAMESBURY VALVE

STAINLESS STEEL
SAMPLE RECEIVER

Fig. 2.7.3. Transfer Receiver for Alkali-Metal Samples.
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carried out without atmospheric contamination. The
transfer vessel can be loaded in a suitable inert­
atmosphere dry box. It is also ideally suited for
use with the modified Mine Safety Appliances Co.
bucket sampler. 6 Sample buckets filled with NaK
can be transferred if the apparatus is kept under
refri geration.

A high-vacuum dry box that wi II have a 10_ft3 work
chamber is being assembled for processing samples
of alkali metals. It is to be equipped with an
evacuable entrance port, a high-capacity diffusion
pump, and a purification train for inert gases which
inc ludes heated scru bbers conta in ing titan ium and
NaK.

An apparatus for the purification of mercury by
distillation was constructed and is now in service.
The two-stage still used for the purification has a
total capacity of 30 Ib of mercury per day. The
apparatu sis used to remove traces of ox ide and
water from mercury in order to el iminate errors in
the determination of oxygen in sodium by the
amalgamation method and also to reprocess the
large quantities of mercury which are required in
the amalgamation procedure.

ANALYSES OF LITHIUM-BASE FLUORIDE SAL TS

FOR METALLIC IMPURITIES

The development program on the application of
nickel-molybdenum alloys as container materials for
fused lithium-base fluoride salts has necessitated
a number of modifications in existing methods for
the analysis of metallic impurities in the fluoride
salts. In addition to the usual determinations for
iron, chromium, and nickel, the salts are presently
being analyzed for molybdenum, niobium, titanium,
tungsten, vanadium, and aluminum. Methods for
determining all these metals were developed previ­
ously, but some modifications were necessary in
the methods used for the aluminum, vanadium, and
titan ium analyses in order to el iminate interferences
introduced by the presence of other metals. The
status ,)f the work on the modifications is given
in the following sections.

Aluminum

W. F. Vaughan

The determination of microgram quantities of
aluminum in fluoride salts with the use of the

6 G• Gol dberg, A. S. Meyer, Jr., and J. C. White, The
Sampling oj Alkali Metal Systems with the Modified
MSA Sampler, ORNL·2147 (Aug. 21, 1956).

•
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ammonium saltof aurin tricarboxylic acid (Aluminon)
is subject to interference from zirconium, iron,
titanium, and vanadium. White and Meyer7 removed
these interfering metals by precipitating them as
the insoluble cupferrate salts. As a result of more

recent work by Ross B on the extraction of metal
ions with tri-n-octylphosphine oxide from acidic
solutions, these metals are now removed by
extracting them from a chloride solution. The

separation is complete in about 10 min. The

aqueous phase is then free of iron, titanium,
vanadium, zirconium, and uranium, and the aluminum

is essentially isolated.

Vanadium

J. P. Young J. R. French

The method of Wise and Brandt9 for the determi­

nation of microgram quantities of pentavalent
vanadium with benzohydroxamic acid was applied

to fused fluoride salts. The method is based on
the reaction of vanadium(Y) with benzohydroxamic

acid at a pH of 2.0 to produce a complex wh ich
exhibits an absorption maximum at 450 mfl in a
l-hexanol medium. The molar absorbance index of
this complex is 3500. A linear relationship exists
between absorbance and the concentration of the
vanadium in the complex in the range of 1 to 9
flg/ml. The coefficient of variation for this method,
based on standards, is 2%.

Most of the interfering ions, including nickel,

iron, chromium, and molybdenum, are removed by
depos iti on at the mercury cathode. A Ithou gh th e
vanadium is reduced to the quadrivalent oxidation
state by the mercury cathode, it remains in solution
and is accompanied by the uranium, aluminum, and
titanium. Argentic oxide, AgO, is then used to
oxidize the vanadium to the pentavalent state. As
much as 50 mfl of uraniu.n can be tolerated in the
final determination. When the ratio of either alumi­
num or titanium to vanadium greatly exceeds five,
however, positive errors result. Niobium and
vanadium ordinari Iy do not exist together in these
samples, so the possible effect of niobium on the
determination of vanadium was not studied.

7J. C. White and A. S. Meyer, Jr., Determination 01
Traces 01 Aluminum in NaF.ZrF4·UF4' ORNL CF·56·3-10
(March 1, 1956).

BW• J. Ross, Extraction 01 the Elements with Trioctyl.
phosphine Oxide Irom Acidic Solutions, ORNL CF·56·9·
18 (Sept. 6, 1956).

9W• M. Wi se and W. W. Brandt, Anal. Chern. 27, 1392
(1955).
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Titanium

J. P. Young J. R. French

The established method for the determination of
trace amounts of titanium 10 in fused fluoride salts

was extended to include the determination of
titanium in the presence of niobium and molybdenum.
Since niobium and molybdenum interfere with the
determination of titanium by the Tiron method, 10 it

was necessary to deve lop some mean s of removing

these interferences. The addition of sodium hydro­
sulfite to reduce the iron(III) also reduced the

molybdenum and thus decreased but did not com­

pletely eliminate the interference of molybdenum.

In the determination of titanium in NaF-ZrF4-UF 4'

quantitative separation of the titanium was achieved
by an ammonia precipitation in the presence of

carbonate ion. The separation was adequate to
eliminate the interference of molybdenum in the
determination of the titanium.

Quantitative separation of titanium from the
niobium was ach ieved by an ether extracti on of the

two metals as thiocyanates. The niobium thio­
cyanate complex extracted quantitatively into the
ether phase, whereas the titanium thiocyanate com­
plex did not extract. The titonium in the aqueous
phase is determined by the Tiron method.

SPECTROPHOTOMETRIC DETERMINATION OF

NICKEL IN ALKALI METALS

A. S. Meyer, Jr. B. L. McDowell

The dioxime derivative, 4-i sopropyl-l,2-cyclo­
hexanedionedioxime, which was reported 11 to be a

very sens itive reagen t for nickel, was investi gated
further. In order to increase the sensitivity of the
determination of nickel by extraction when the ratio
of the aqueous volume to the organic volume is
large, organic compounds were investigated that
are less water soluble than the chloroform used
initially.12 Hydrocarbons, chlorinated hydrocarbons,
esters, alcohols, and aromatic compounds were
tested as extractants for the nickel chelate, but

10J. C. White, Determination 01 Microgram Amounts 01
Titanium in the Presence 01 NaF-ZrF4·UF4, ORNL CF·
56·6-111 (June 20, 1956).

J 1D• T. Hooker and C. Y. Bonks, Preparation. Proper­
ties, and Analytical Applications 01 Some Substituted
Alicyclic Vic·Dioximes, 15C·597 (March 1955).

12A. S. Meyer, Jr., B. L. McDowell, and R. E. Feathers,
Jr., ANP Quar. Prog. Rep. Dec. 31. 1956, ORNL-2221,
p 165.
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DETERMINATION OF TRACE AMOUNTS OF

ZIRCONIUM IN SULFATE SOLUTIONS WITH

PYROCATECHOL VIOLET

13J. P. Young and J. R. French, ANP Quar. Prog.
Rep. Dec. 31. 1956, ORNL-2221, p 165.

14H• Flaschkaond F. Z. Sodek, Z. anal. Chern. lSD,
339 (1956).

Experimental work on the determination of trace
amounts of zirconium 13,14 in solutions of sulfuric

acid with pyrocatechol violet was completed, as
well as a study of the interference caused by
various cations. The data obtained in this in­
vestigation are summarized in Table 2.7.1.

Microgram amounts of zirconium in sulfate so­
lutions can be determined in the presence of high
concentrations of thorium, uranyl, cerium, and
lanthanum ions. It was possible to determine
zirconium with a coefficient of variation of 2%
even in the presence of more unfavorable ratios of

cerium and lanthanum by lowering the final pH of

the test solution to 4.5.
The determination of zirconium with pyrocatechol

violet is unaffected by the presence of an ions such
as chloride, perchlorate, nitrate, or borate. Small

only benzene and xylene proved to be better than
chloroform. The molar absorbance index for the
chelate at the absorption maximum of 385 mil was
unaffected by the solvent. The partition coef­
ficients, however, were much higher for the chelate

in both benzene (1000) and xylene (5000) than in
chloroform (300). In view of these more favorable

partition coefficients, it will be possible to de­

termine even lower concentrations of nickel than
the previously postulated 12 0.5 ppm in a 5-g sample

of alkali metal.
The two elements that most commonly interfere

with the determination of nickel in alkali-metal
samples are iron and copper. Methods for the
elimination of each of these elements were therefore
developed. Copper(lI) is reduced to copper(I), and
the reduced copper is complexed with thiocyanate

ion to prevent the extraction of copper as the
dioxime complex. The interference of iron(lll) was
eliminated by the addition of fluoride. Since the
fluoride ion inhibits the precipitation of zirconium
upon neutral ization of the solution, this procedure
can also be applied to the determination of nickel
in solutions of z irconium- or lithium-base fuels.

..

Weight Ratio Error Resulting from

Cation of Cation to Pressure of Cation

Zirconium (%)

Th4 + 10 5

La 3 + 30 5

Ce 3 + 15 5

UO 2+ 30 0
2

U4+ 3 5

Ni 2 + 15 0

Cr6 + 15 0

Cr 3 + 15 0

Fe 3+ 6 5

Fe 2+ 6 5

M06 + 6 5

r 4+ V5 +.I ,

V4 +, A1 3+ 20

15J. C. White and G. Goldberg, ANP QuaT. Prog. Rep.
Dec. 10. 1954, ORNL·1816, p 131.

DETERMINATION OF SULFUR IN

FLUORIDE FUELS

T. W. Gilbert, Jr.

The methylene-blue method 15 for the determi­

nation of small amounts of sulfur in fused fluoride
fuels Was modified by the substitution of a new

reducing solution for the mixture of red phosphorus,
hydriodic acid, and formic acid that was previously

used. The new solution, prepared by dissolving
stannous chloride in dehydrated phosphoric acid,

Table 2.7.1. Effect of Cations on the Spectrophotometric

Determination of Zirconium in Sulfate Solution 5

with Pyrocatechol Violet

Concentration of zirconium: 1.2 fl9/ml

amounts of anions such as citrate, oxalate, tartrate,
fluoride, and ethylenediaminetetraacetate, however,
will destroy the color of the complex. The coef.
ficient of variation for this method, based on the
determ ination of zircon ium in standards, is 2%.

J. R. FrenchJ. P. Young
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was reported to reduce sulfates quantitatively to
hydrogen sulfide, 16 and therefore experiments were

carried out to test the efficiency of this solution
for reducing microgram quantities of sulfate and to
test its applicability to the determination of sulfur
in fluoride salts.

Difficulty was experienced with the red phospho­

rus reducing mixture when the sample size was
increased beyond 200 mg, and therefore the phos­
phoric acid mixture, which can conveniently handle

1-g samples, has an important advantage in that a
fivefold increase in sensitivity is achieved. A

second advantage of the phosphoric acid reducing
mixture is that the fluoride salts are decomposed.
Uranium tetrafluoride is brought into solution, and

zirconium fluoride is converted to zirconium
phosphate.

The determination is carried out by adding about

20 ml of a solution of SnCI 2 and phosphoric acid

to a 1-g sample of fluoride salt. Boric anhydride
is then added to complex the fluoride and to mini­

mize etching of the glass apparatus. The phos­
phoric acid solution is heated to 300 to 310°C to
reduce the sulfates to hydrogen sulfide, which is
passed into a solution of zinc acetate by means of
a stream of argon. The quantity of hydrogen sulfide
is then determined by the methylene blue procedure.
The coefficient of variation of the method was found

to be approximately 10% for 5- to 20-I1g quantities
of su Ifur.

OXIDATION OF CHROMIUM WITH ARGENTIC

OXIDE

J. P. Young J. R. French

A method for the oxidation of chromium with
argentic oxide, AgO, reported by Lingane and
Davis,17 was investigated for use in the spectro­
photometric determination of chromium with di­
pheny !corbaz ide. Lingane and Davi s report that
argentic oxide serves advantageously as a very
powerful oxidimetric reagent in acid media. They
recommend AgO for the oxidation of mangan~se,

cerium; or chromium prior to volumetric determi­
nations of these metals. Oxidation with argentic
oxide is rapid and complete for these ions in 2 to

5 M acid at room temperature.

16 T• Kiba et al., Bull. Chem Soc. Japan 28, 641
( 1955).

17J. J. Lingane and D. G. Davis, Anal. Chim Acta
1S, 201 (1956).
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A standard solution of potassium dichromate was
used in order to establ ish a calibration curve for
the chromium determination by the diphenylcarbazide
method. The chromium in a portion of the standard
solution was reduced with hydrogen peroxide to
yield a standard solution of chromium(II/}. The
calibration curve obtained from the solution of
chromium(II/} after oxidation of the chromium with
argentic oxide was identical, within experimental

error, with the one obtained with chromium(VI). It
is recommended that the solution be boi led for
several minutes to ensure the reduction of all the
excess silver(II).

These investigations indicate that oxidation of
the chromium with argentic oxide can replace
oxidation with perchloric acid in the colorimetric
determination of chromium with diphenylcarbazide.

The use of argentic oxide results in a considerable
saving of time in the oxidation step. It is further
expected that oxidation with argentic oxide will
produce results which are at least as precise as
those obtained by the present method. An investi­
gation of this latter point is presently being carried
out.

SOL VENT EXTRACTION OF MOL YBDENUM FROM

ACIDIC SOLUTIONS WITH

TRI-n-OCTYLPHOSPHINE OXIDE

W. J. Ross

Previous success 18 in the isolation, concentration,

and determination of elements encountered in ART
fuels, corrosion products, and fission products

through so Iven t extraction of these elements wi th
tri'"1l-octylphosphine oxide (TOPO) has led to a

continued study of the analytical applications of
this reagent. It was found that hexavalent molybde­
num is amenable to separation from acidic solutions
by extraction with tri-n-octylphosphine oxide. A
systematic study of the variables involved in the
extraction showed that hexavalent molybdenum
can be concentrated greater than a hundredfold by
a single extraction with 0.1 M TOPO in cyclohexane
from HCI and that as much as 20 mg of Mo6+ can be

quantitati vely extracted by 0.5 mmol e of thi s reagent.
Less efficient extractions are obtained from H

2
S0

4
,

HN0 3, or HCI0 4 systems. The extent of the ex­
traction is highly dependent on the acid concen­
tration of the aqueou s pha se, and therefore under

law. J. Ross, ANP Quar. Prog. Rep. Dec. 31. 1956,
ORNL·2221, p 167.
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19 A. S. Meyer, Jr., and G. Goldberg, ANP QuaT. Prog.
Rep. Dec. 31, 1956, ORNL·2221, p 166.

Reactor Chemistry 666 2255

Experimental 589 2431

Engineering

Metallurgy 28 33

Mi scellaneou s 145 1027

Total 1428 5746

certain conditions practically no extraction is
obtained from sulfate, nitrate, or perchlorate media.
Extraction with tri-n-octylphosphine oxide is thus
a rapid means of isolating or concentrating hexa­
valent molybdenum in either the aqueous or organic
phase.

SERVICE LABORATORY

W. F. Vaughan

The 1428 samples analyzed during the quarter
involved 5746 determinations for an average of 4.0
per sample. A breakdown of the work according to
the group requesting the analyses is given below:

20 H• M. Rosen r• tack et I ] Ch Ph 23 2442., a.,. em ys. ,
( 1955).

21L. Brewer, P. W. Gilles, and F. A. Jenkins, J. Chern.
Phys. 16,797-807 (1948).

22 R• C. Miller and P. Kusch, J. Chem Phys. 25, 860­
876 (1956).

VAPOR-PHASE POL YMERS IN

AL KAL I·HALIDE SAL TS

L. O. Gilpatrick

A knowledge of the composition of the vapor phase
of the fused-salt fuel mixture is important to the
investigation of the vapor.deposition problem in
circulating-fuel reactors. It is also indispensable
for the measurement of activities of components of
salt mixtures when vapor-pressure methods of
measurement are used. Therefore a study of the
vapor phase of alkali-halide salts was initiated.
It has been reported 20 - 22 that the equilibrium
vapor phase of many simple materials, such as
copper chloride, carbon, and potassium chloride,
contain simple polymeric species that are most
frequently dimers and trimers. When the alkali.
halide salts are heated in an effusion cell, it is
possible to measure the change in the vapor com·
position as a function of cell temperature. The
mass spectrometer is well su ited for appl ication
to this problem, since with it the species which are
derived from polymers in the vapor can be measured
independently. Only relative values can be measured
with the use of this technique; however, energies or
heats of vaporization and the heats of polymerization
can be determined from the relative values. The
mass spectrometer is also a sens itive tool for the
qualitotive examination of the vapor phase of holide
salts and other materials.

A satisfactory effusion cell was developed, and
potassium chloride is currently being examined at
temperatures from 550 to 750°C. Preliminary values
for the energy of vaporization of KCI monomer and
dimer were found to be 49.3 and 58.3 kcal/mole,
respectively. No higher polymers were detected.
The next salts to be examined will be the alkali
fluorides, since they are of interest in the investi·
gation of fused-salt fuel systems.

Number of

Reported Resul ts

Number of

Somples

PREPARATION OF RARE-EARTH

FLUORIDE TRACERS

A. S. Meyer, Jr. G. Goldberg

The precipitation procedure described previously 19
was used for the preparation of additional samples

of radioactive tagged fluoride salts. The salts pre­
pared were y 91 _bearing YF 3' Ce 141_bearing CeF 3'

Sm l53_bearing SmF 3, Ba 133.bearing BaF
2

, and
La 140.bearing LaF

3
in amounts that varied from

100 to 500 g. The samples contained from 1 to 3 me
of total activity.
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3.1. DYNAMIC CORROSION STUDIES

J. H. DeVan

FORCED·CIRCULATION LOOP TESTS

J. H. DeVan R. S. Crouse

Fuel Mixtures in Inconel and in Hastelloy B

Three forced-circulation loops fabricated of
Hastelloy B were examined that had circulated

NaF·KF-Li F·UF 4 (11.2-41-45.3.2.5 mole %, fuel
107) at a maximum fluid temperature of about
1650°F. The loops were heated by direct elec­
trical resistance and were constructed from Y2-in.­
00, 0.060-in.-wall tubing. The operating con­
ditions for these three loops are given in Table
3.1.1.

Two of the loops completed 1000 hr of operation,
although interruptions that required temporary
shutdowns occurred during both tests. Loop
7641-18 developed a leak while fuel was being
admitted to the loop for a test run. The loop was
successfully repaired, and it then operated for
the scheduled 1000·hr period without further diffi­
culties. Loop 7641·28 developed a leak after
66 hr of operation and was likewise repaired and
operated for the remainder of the scheduled 1000-hr
period. Operation of the third loop, 7641-3, was
terminated by a pump fai lure after 407 hr of opera­

tion.
The hot legs of 01 I three loops were found to be

badly pitted after the tests, with the pits in the
most heavily attacked areas reaching to a depth
of 4 mi Is. Unfortunately, the surfaces of the as-

received Hastelloy B tubing were rough, as shown
by the sample in Fig. 3.1.1, and thus a large part
of the pitting was probably present before the
test. The cold-leg sections of loops 7641-1 Band
7641-3 were entirely free of metal deposits, but
they had deeper surface imperfections than those
found in the hot.leg sections. In some areas of
the cold legs the pits reached a depth of 7 mi Is;
however, as may be seen in Fig. 3.1.2, which
shows a cold-leg section of loop 7641-1 B, the
surface imperfections appear to be the result of
corrosion deepening of the pits present before the
test.

The examination of loop 7641-2B likewise re­
vealed deeper pits in the cold leg than in the hot
leg. In contrast to the other two loops, loop
7641-2B, however, was found to have a few small
metal crystals in the cold leg. These crystalline
deposits occurred in clumps, approximately 2 mi Is
thick, that were confined to a short section of the
loop near the cold· leg outlet. As shown in Fig_
3.1.3 the crystals were completely detached from
the loop wall. The quantity of deposited material
was insufficient for a chemical analysis, and it
is not known whether the crystals resulted from
groins becoming detached from the extremely rough
as-received surfaces or from a moss-transfer
mechanism. Loop 7641-2B operated with the
lowest Reynolds number used in the three tests,
and it is doubtful that mass transfer would toke

Table 3.1.1 Conditions of Operotion of Three Hostelloy B Forced-Circulation Loops with

NaF-KF·LiF·UF 4 (11.2-41.45.3-2.5 Mole %, Fuel 107)

Temperature grad ient: 300 0 F

Ratio of hot·leg surface area to loop volume: 2.2 in. 2lin. 3

Loop Number
Operating Conditions

7641·1B 7641·2B 7641·3

Maximum fuel mixture temperature, 0 F 1635 1640 1660

Maximum tube wall temperature, OF 1767 1710 1750

Reynolds number of fuel 10,000 5,500 10,000

Velocity of fuel, fps 2.61 1.16 2.61

Operating time, hr 1000 1000 407
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Fig. 3.1.1. As-Received Hastelloy B Tubing. Etchant: Riddle's reagent. 250X.

Fig. 3.1.2. Area af Deep Pitting in Cold Leg of

Hastelloy B Forced-Circulation Loop 7641-1B Which

Circulated NaF-KF-Li F.UF4 (11.2-41-45.3-2.5 Mole %,

Fuel 107) Under the Conditions Given in Table 3.1.1.

Etchant: Riddle's reagent. 250X. Reduced 32%.

(Secret with caption)
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Fig. 3.1.3. Crystals Found Near Cold-Leg Outlet of

Hastelloy BLoop 7641-2B Which Circulated NaF-KF­

LiF-UF4 (11.2-41-45.3-2.5 Mole %, Fuel 107) Under the

Conditions Given in Table 3.1.1. Unetched. 250X.

Reduced 32%. (Secret with caption)



place in this loop and not in the others. Analyses
of the fuel mi xtures used in these tests showed
no significant changes in any of the metal con­
stituents during the tests. The results of the
ana lyses are presented in Table 3.1.2.

An Inconel forced-circulation loop (7425-20) was
operated at a maximum fluid temperature of approxi­
mately 1700 0 F in order to complete studies of the
effect of temperature on the corrosion of Inconel
by NaF.ZrF 4-UF 4 (50-46-4 mole %, fuel 30). The
maximum wall temperature of the loop was 1840°F,

PERIOD ENDING MARCH 37,7957

and the fluid temperature drop between the hot-leg
and cold-leg outlets was 300°F. Other loop
operating conditions are given in Table 3.1.3.
After 1000 hr of operation, voids were observed in
the hot leg to a maximum depth of 9 mi Is. In addi­
tion to the hot-leg attack there were a few scattered
particles of metal deposited on cold-leg surfaces.
The deposits contained chromium and, possibly,
on the basis of etching characteristics, some
uranium or zirconium compounds. The attack on
this loop was 4 to 5 mi Is greater than the attack

Table 3.1.2. Analyses af NaF-KF-LiF-UF 4 (11.2.41.45.3.2.5 Male %) Mixtures Circulated in

Hostelloy B Farced-Circulation Loops

" .

Loop No.

7641·18

7641·28

7641-3

Sample Taken
Uranium Content Metal Constituents (ppm)

(wt %) Ni Cr Fe Ma

During fill ing 13.7 160 125 150 <2

After operation 12.4 85 330 95 <2

During fill ing 13.0 195 110 165 <2

After operation 12.8 185 325 120 2

During fi II ing 13.0 20 35 55 15

After operation 12.6 205 270 75 9

Table 3.2.3. Conditions of Operation of Three Inconel Forced.Circulation Loops with Fuel Mixtures

:

"-

Operating Conditions

Fuel mixture

Maximum fuel mixture temperature, OF

Maximum tube wall temperature, OF

Reynolds number of fuel

Velocity of fuel, fps

Operating time, hr

Ratio of hot·leg surface area to

ICoop volume, in. 2lin. 3

Temperature gradient, OF

Loop Number

7425·20 7425-25 7425-26

NaF.ZrF 4-UF
4 NaF-ZrF4 ·UF4 NaF-Zr F4-UF 4

(50-46·4 mole %, (50·46·4 mole %, (56·39-5 mole %,

fuel 30) fue I 30) fuel 70)

1715 1620 1510

1840 1710 1615

23,700 5,800 14,000

5.0 2.54 4.79

1000 500 716.5

2.21 2.15 2.15

300 300 200
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of Inconel loops operated previously with a fuel
temperature of 1500°F, a wa II temperature of
1600o F, and a temperature differential of 2000F. 1

Examination of another Inconel forced-circulation
loop (7425.25) that operated 500 hr with fuel mix­
ture No. 30 also revealed hot-leg attack to a depth
of 5 mi Is, but no cold-leg deposits were found.

A third Inconel forced-circulation loop was
operated with fuel mixture 70, NaF-ZrF 4-UF 4
(56·39·5 mole %). The results of two other forced­
circulation loop tests which compared the corrosion
properties of this fuel mixture with those of the
more commonly used mixture 30, NaF·ZrF 4- UF 4
(50-46-4 mole %), were reported previously.2 In
this latest test in the series the loop operated with
a maximum fuel temperature of approximately
1500°F and a maximum wall temperature of about
1600°F. Other operating conditions for this loop,
7425-26, are given in Table 3.1.3. Although
scheduled for 1000 hr, operation was terminated
after only 716 hr because of a pump pulley failure.
Void formation during operation progressed to a
depth of 5 mils. A thin metallic layer was noted
in the cold leg that was similar to the layers found
in the Inconel loops operated previously with this
fuel mixture. The layer was too thin to provide
sufficient material for chemical analysi s, and
attempts are now being made to determine its com­
position spectrographically.

The attack to a depth of 5 mi Is in this loop is
simi lar to the 7 mi Is of attack in each of the two
loops operated previously with fuel 70 for 1000 hr.

One of these latter loops operated under tempera­
ture conditions identical to those for loop 7425-26,
whi Ie the other loop operated with a maximum fluid
temperature of about 1650°F. The depths and type
of attack in these loops are similar to the results
obtained for loops that circulated fuel 30 under
simi lar conditions, except for the presence of
thin layers in the cold legs of loops that circulated
fuel 70. Visible layers or deposits are not normally
observed in loops that have circulated fuel 30.

!'10K in Inconel

Studies were made of two Inconel forced-circula­
tion loops that circulated NaK (56-44 wt %) and

I
J. H. DeVan and R. S. Crouse, ANP Quar. Prog. Rep.

June 10, 1956, ORNL-2106, p 133.

2J . H. DeVan, ANP Q P R P S pt 10 1956uar. rog. e. e., ,
ORNL-2157, p 135.
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contained oxide cold traps operated at 600 and
800°F. The design of the loop and cold trap is
shown in Fig. 3.1.4. The data obtained with these
loops, together with those obtained from two loops
operated previously with cold-trap temperatures of
100 and 300°F, respectively,3,4 provide a basis

for an analysis of the effect of cold-trap operation
on corrosion and mass transfer in Inconel-NaK
systems. The maximum fluid temperature of each
loop was 15000F and the temperature drop across
the cold-leg section was 300°F. All the loops
were operated for 1000 hr.

An investigation of the design of the cold trap
used in these loops was made prior to beginning
these studies to determine the effectiveness of
such a trap in controlling the oxide level. In a
special test loop containing a bypass cold trap
and a device known as a "plugging meter," NaK
was circulated isothermally at 1500°F, and meas­
urements were made of the oxide concentration of
the NaK under various conditions of cold-trap
temperatures and flow rates. The plugging meter
was used to indicate the saturation temperature of
sodium oxide in the NaK under each of the cold­
trap operating conditions. The saturation tempera­
ture, together wi th publ i shed information on the
solubility limits of sodium oxide in NaK as a
function of temperature, was used to establ ish
the oxide concentration. These tests demonstrated
that the cold-trap operating temperature in the
range from 100 to 1200°F accurately reflected the
oxide concentration; that is, the oxide concentra­

tion which existed in the NaK corresponded to the
limit of solubility for sodium oxide in NaK at the
cold-trap temperature.

The effect on mass transfer of the various cold­
trap operating temperatures is summarized in
Table 3.1.4. Samples taken from the cold legs at
simi lar locations in each of the loops are compared
in Fig. 3.1.5. Difficulties in removing deposits
from the wa lis of the loops, as di scussed pre­
viously,3 made it impossible to obtain weight
determinations of the deposits found in loops
7439-1 and -3. However, in the loops with higher
cold-trap temperatures (loops 7426-17 and -18) the
deposits were comprised of larger crystals which

3J. H. DeVan, E. A. Kovacevich, and R. S. Crouse,
ANP Quar. Prog. Rep. March 10, 1956, ORNL·2061,
p 117.

4 J. H. DeVan and R. S. Crouse, ANP Quar. Prog. Rep.
June 10, 1956, ORNL-2106, p 135.
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Fig. 3.1.5. Mass-Transfer Deposits in Inconel Loops Which Circulated NaK at a Maximum Temperature of 15000 F

and a Temperature Differential of 3000F with Cold Traps Operated at Various Temperatures. (a) Cold trap at lOOoF.

(b) 300°F. (c) 600°F. (d) 800°F. (Confidential with caption)
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Table 3.1.4. Effect of Cold-Trap Operating Temperature

on Moss Transfer in Incanel Loops that Circulated NaK

Minimum Maximum Weight

Loop Cold- Trap Deposit of Metal

No. Temperature Th ickness Deposited
(oF) (mils) (g)"

7439.3 100 7 ""
7439-1 300 12 ""
7426-18 600 11.5 3.86

7 426-17 800 20 6.29

"Determined by scraping deposits from loop walls

""Not recorded.

were more eas i Iy separated from the loop wa 1/ s.
The weights of the deposits in these loops show
that a noticeable increase in the quantity of mao
terial deposited was brought about by an increase
in the cold-trap temperature from 600 to 800°F.
This increase is also reflected in the deposit
thickness. A smaller difference in deposit thick·
ness is apparent in comparing the results for the
test wi th a cold-trap temperature of 600°F wi th
those for the two tests with lower cold-trap tem­
peratures. Metallographic examinations of cold­
leg sections from these loops also indicate that
the change in the amount of deposited material
accompanying a decrease in cold-trap temperature
belo 600°F is less than the change from 800 to
600°

As mentioned above, the size of the particles
comprising the deposits is apparently affected by
the cold-trap temperature and the oxide concentra­
tion. Deposits taken from similar sections of the
loops operated wi th cold-trap temperatures of 100
and 800°F are compared in Figs. 3.1.6 and 3.1.7.
As can be seen, the average particle size of the
crystals found in the loop which included a cold
trap operated at 800°F was considerably larger
than that of the crystals from the loop operated
with a cold.trap temperature of 100°F. The compo­
sitions of the deposits did not vary with cold-trap
temperature; in all the loops, the depos its were
found to contain approximately 90% Ni and 10% Cr.

The results of these studies of the effect of
oxides in Inconel-NaK systems show trends quite
simi lar to those found in the results of tests of
Inconel-sodium systems. The tests of Inconel-

PERIOD ENDING MARCH 31,1957

Fig. 3.1.6. Mass-Transfer Deposits In Inconel Loop

7439.3 Which Circulated !'10K and Which Included a Cold

Trap That Was Maintained at 100°F. Etchant: modified

aqua regia. 150X. Reduced 35%. (Confidential with

caption)

Fig. 3.1.7. Moss-Transfer Deposits in Inconel Loop

7426.17 Which Circulated NaK and Which Included a

Cold Trap That Was Maintained at BOOoF. Etchant:

modified aqua regia. 150X. Reduced 9%. (Confidential

with caption)
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sodium systems, which were discussed previouslyS
were carried out by making oxide additions directly
to the sodium. The effects on mass transfer were
small for oxide additions of 0.05 wt % and less but
became significant at higher concentrations. Addi­
tional data (not presented previously) showed that
the deposit particle size also increased as the
oxide level increased.

A difference in the quantity of mass-transferred
material in sodium-Inconel systems compared with
that in NaK-lnconel systems has now become
apparent. The weights of the deposits in the two
recently tested NaK-lnconel systems are somewhat
less than one-half the weights of deposits found
in sodium-lnconel systems tested under similar
temperature conditions. The thicknesses of the
deposits found in both systems are comparable,
although as discussed in conjunction with the first
NaK tests,3 thickness measurements do not accu­
rately reflect the weights of the deposits because
the crystals comprising the deposits build up quite
randomly and in discontinuous patches.

The composition and manner of deposition of the
crystals in the two systems appear to be identical.
The average size of the crystals comprising the
deposits in both systems is also simi lar. Thus it
appears that the same mechanism for mass transfer
exists in both systems but that the process pro­
ceeds slower in NaK-lnconel systems than in
sodium-Inconel systems.

flow rate of 1.5 gpm (loop 7426-22), the deposit
we ighed 10.4 g. A doubled flow rate of 3.0 gpm
(loop 7426-23) resulted in an increase in the weight
of the deposit to 14.0 g. Hot-leg attack in both
loops was in the form of intergranular penetration
and reached maximum depths of 2 mils in each
case. The average thickness of the deposit also
varied with the flow rate. The thickness at the
lower flow rate was 12 mils, while at the higher
flow rate the th ickness increased to 22 mi Is.

Several other sodium loops have been operated
at flow rates of 2.5 gpm, and the resu Its can be
compared with the results of tests described above.
While the majority of the loops operated with a
sodium flow rate of 2.5 gpm, each loop test in­
corporated some variable which introduced a slight
difference from the conditions described above.
An average value of deposit weight for the tests
which most closely simulated the conditions given
above is 13 g. A plot of the data 9 iven above and
the 13-g value is presented in Fig. 3.1.8 to show
the effect of flow rate.

A type 304 stainless steel forced-circulation
loop completed 1000 hr of operation with sodium at
a maximum temperature of 1500°F and a tempera­
ture drop of 300°F. The loop contained an oxide
cold trap that was maintained at 300°F. Visual
examination of this loop revealed only slight traces
of mass-transferred particles' in cold portions. A
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Sodium in Inconel and in Stainless Steel

Two Inconel forced-circulation loops of a design
similar to that shown in Fig. 3.1.4 were operated
with sodium at different velocities to evaluate
the effect of flow rate on mass trans fer. The
sodium temperatures ranged from a maximum of
1500°F in the hot leg to a minimum of 12000 F in
the cold leg. The pumps were operated at different
power levels to establish sodium flow rates of
1.5 and 3.0 gpm, respectively. Both loops con­
tained bypass cold traps to maintain low oxide
levels.

Examinations of the loops following 1000 hr of
operation revealed a substantial difference in the
quantities of depos i ted materi al recovered from
the cold legs. In the loop operated with a sodium
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5 J. H. DeVon, ANP Quar. Prog. Rep. Dec. 10, 1955.
ORNL-2012. p 106.
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UNCLASSIFIED7426-25 T-11650

Fig. 3.1.9. Cold-Leg Section of a Type 304 Stainless

Steel Forced-Circulation Loop Which Circulated Sodium

for 1000 hr at a Maximum Temperature of 15000 F and a

Temperature Gradient of 300°F. Reduced 31.5%.

(Confidential with caption)

typical cold-leg section is shown in Fig. 3.1.9.
The deposits were similar in extent and appearance
to those which were observed in type 316 stainless
steel loops operated under simi lar conditions,3
and were much less in amount than deposits found
in comparable (nconel loops. The hot leg of the
loop revealed slight surface pitting and void forma­
tion to a depth of 2 mi Is.

1500°F. Fluid flow was maintained at 1.28 gpm.
After 2480 hr of operation, a leak developed in the
heater coil of the loop, and the NaK had to be
dumped. The heater coi I was replaced, and the
loop was again put into operation. After an addi­
tional 280 hr, operation was terminated when a
simi lar leak developed in the new heater coi I.

Metallographic examination of the hot leg which
was removed from the loop after 2480 hr revealed
Ii g, toto-heavy intergranu lar attack to a depth of
1.5 mils. A needlelike deposit, 7 mils in depth,
was also observed in the section just beyond the
heater coil where the loop first experienced a
thermal grad ient. The cooled coil, which was in
operation an additional 280 hr, showed only light­
to-moderate pits, along with intergranular attack to
a depth of 1 mil. Metal deposits reached a maxi·
mum thickness of 14 mi Is in the section at the
entrance to the cooled coil.

A similar loop was operated with sodium as the
circulated fluid. Operation of this loop (7426-51)
was terminated after 4000 hr, when a leak developed
near the pump. The operating conditions, with the
exception of the temperature gradient, were simi lar
to those for loop 7439-51. Because of the better
heat transfer properties of sodium, a thermal
gradient of 800°F was achieved. Sodium attack in
the hot-leg section of the loop reached a maxi mum
depth of 5 mils. A heavy deposit of metal crystals
that reached a maximum thickness of 50 mils was
found in the section at the entrance to the cool ing
coil. The deposit is shown in Fig. 3.1.11.

Carbide precipitates were found at the surfaces
of the inner walls of the tubing which had been
exposed to sodium and, to a lesser extent that
varied with depth, in the wall of the tubing. The
diffusion of carbon therefore appears to have pro­
ceeded from the inner wall of the tubing into the
tubing, and thus the source of the carbon must have
been the sodium. This loop contained a mechanical
pump, and a slight leak through the pump seal of
the oi I for lubricating the pump could have been
responsible for the carburization found.

The loops for these long-duration tests were of
a unique design, and therefore the results cannot
be compared directly with the results of other
tests of shorter duration. The extensive deposits
observed in the loop which circulated sodium indi­
cate that mass transfer proceeds at a rate which
is not significantly diminished with time, although,
based on the carburization observed in this loop,

7
..,

8
-- -- =---

'"l,
i

9 )

11

Long-Duration Tests of NaK and Sodium in Inconel

An Inconel forced-circulation loop, 7439.51, was
operated with NaK for 2760 hr to determine the
long-range effects of a high-thermal gradient on
mass transfer and corrosion in an Inconel-NaK
system. The loop was of the design shown in
Fig. 3.1.10 and operated with a thermal gradient
of 650°F and a maximum bulk fluid temperature of
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UNCLASSIFIED
ORNL-LR-DWG '5351

n NED-TUBE
AIR-COOLED COIL

Fig. 3.1.10. Schematic Drawing of Gas-Fired 'nconel Loop Used for Long-Time' Circulatian of Liquid Metals.

Fig. 3.1.11. Deposit Found in Cooled Coil of Inconel Loop 7426·51 Which Circulated Sodium for 4000 hr at a

Maximum Temperature of 15000 F and a Thermal Gradient of 800°F. Etchant: modified aqua regia. lOOX. (Confi­

dential with caption)
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impurities may also have contributed a major port
to the moss-transfer process.

THERMAL-CONVECTION LOOP TESTS

J. H. DeVon E. A. Kovacevich
D. A. Stoneburner

NaF.KF·LiF·UF ~ and Sodium in Nickel·
Molybdenum Alloys

Fuel 107. - Corrosion tests of the experimental
nickel-molybdenum alloys exposed to sodium and
to NaF-KF.LiF.UF 4 (11.2-41-45.3-2.5 mole %, fuel
107) in thermo '·convection loops were completed.
The compos itions of the alloys tested, the test
conditions, and the results of metallographic ex­
aminations of os-tested specimens are given in
To ble 3.1.5.

The data show that a maximum hot-leg attock of
3 mi Is occurred in loops 1105 (16% Mo-2% AI­
1.5% Ti-bal Ni) and 1108 (17% Mo-2% AI-bol Ni).
These results are in good agreement with the data
reported previously for materials with relatively
high aluminum content. The attack was accom­
panied by high aluminum pickup in the fuel, as
shown in Table 3.1.6.

Loop 1093 (17% Mo-7% Cr-bal Ni) showed hot­
leg attack which was somewhat higher than that
found previously in loops fabricated from material
containing comparable amounts of chromium. 6 Also
the attack changed from the moderate general sub­
surface-void formation in the loops operated pre'
viously to heavy general subsurface-void formation.
Loop 1094 (20% Mo-7% Cr-2% Nb-1% Fe-bal Ni)
revealed hot-leg attack simi lor to that for loop 1093.
The addition of niobium and iron thus appears to
have little effect on the corrosion of a nickel·
molybdenum alloy containing 7 wt % chromium.
Hot-leg specimens from loops 1093 and 1094.are
pictured in Figs. 3.1.12 and 3.1.13. As may be
seen in Table 3.1.6, the concentration of chromium
in the fuel of loop 1094 is also comparable to that
found in the fuel circulated in other nickel­
molybdenum alloys containing 7 wt % chromium.

Comparisons showed similar maximum depths of
attock in loops 1094 and 1099, which were fabri­
cated of alloys of similar composition except that
the alloy used for loop 1099 contained 1 wt %

6 E. A. Kovocevich and D. A. Stoneburner, ANP Quar.
Prog. Rep. Dec. 31, 1956. ORNL-2221, p 179.
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aluminum. However, as shown in Table 3.1.6,
the chromium buildup in the fuel of loop 1099 was
somewhat higher than that reported for loop 1094.
Also, the fuel from loop 1099 had a high aluminum
content. Examination of loop 1101 (16% Mo-5% Cr­
1.5% Ti-l% AI-bal Ni) also showed the usual
high aluminum buildup found in the fuel after circu­
lation in aluminum-containing alloys. The attack

.. ,

Fig. 3.1.12. Maximum Hot.Leg Attack Found in

Thermal.Convection Loop 1093 (17% Mo-7% Cr-bal I'll)

Which Operated for 500 hr with NaF.KF.LiF-UF4 (11.2­

41.45.3-2.5 Mole %, Fuel 107) at lS00oF. Etchant:

aqua regia. 250X. Reduced 32.5%. (Secret with caption)
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Fig. 3.1.13. Maximum Hot.Leg Attack Found in

Thermal.Convection Loop 1094 (20% Mo-7% Cr-2%

Nb- 1% Fe-bal Ni) Which Operated for 500 hr with

NaF.KF.LiF-UF4 (11.2-41-45.3.2.5 Mole %, Fuel 107)

at 1500oF. Etchant: aqua reg ia. 250X. Reduced

32.5%. (Secret with caption)
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Table 3.1.5. Conditions and Results of Thermal-Convection Loop Tests of Nickel-Molybdenum Alloys with

NaF-KF·L1F-UF 4 (11.2-41-45.3-2.5 Mole %, Fuel 107) and Sodium

Maximum flu id temperature 15000 F

Loop

No.

Alloy

Composition

(wt %)

Circulated

Fluid

Operating

Time

(hr)

Metallographic Results

Hot Leg Cold Leg

1023 11 Mo-2 AI-bal Ni Sodium 1000 Heavy surface pits to a

depth of> 1 mi I

Moderate surface roughen ing

1087

1088

1089

1093

1094

1098

20 Mo-l Nb-l Ti- Fuel 107

0.8 Mn-bal Ni

20 Mo-l Nb-2 Ti- Sodium

0.8 Mn-bal Ni

15 Mo-3 Nb-0.5 AI- Sodium

3 W-bal Ni

17 Mo-'7 Cr-bal Ni Fuel 107

20 Mo-7 Cr-2 Nb- Fuel 107

1 Fe-bal Ni

17 Mo-2 Ti-bal Ni Fuel 107

500

1000

1000

500

500

500

Heavy voids to a depth

of2.5mils

Heavy voids to a depth

of 1 mil

Heavy void s to a depth

of 1.5 mils

Heavy voids to a depth

of 2 mils

Heavy voids to a depth

of 2 mils

Moderate surface pits ta

a depth of> 1 mil

Light surface roughening

Moderate surface roughening

Moderate surface roughening

Light surface roughening

No attack

No attack

1099 20 Mo-7 Cr-l AI- Fuel 107

2 Nb-l Fe-bal Ni

1100 17 Mo-2 V-bal Ni Fuel 107

1101 16 Mo-5 Cr-l.5 Ti- Fuel 107

1 AI-bal Ni

1102 16 Mo-5 Cr-1.5 Ti- Sodium

1 AI-bal Ni

1103 16 Mo-1 AI-l.S Ti- Fuel 107

bal Ni

1105 16 Mo':"2 AI-1.5 Ti- Fuel 107

bol Ni

1108 17 Mo-2 AI-bal Ni Fuel 107

1113 17 Mo-2 W-bal Ni Fuel 107

500

500

500

1000

500

500

500

500

Heavy voids to a depth

of 1.5 mils

Few voids to a depth of

0.5 mil

Heavy voids to a depth

of 2 mils

Heavy voids to a depth

of> 1 mil

Heavy voids to a depth

of 1 mil

Heavy voids to a depth

of 3 mils

Heavy voids to a depth

of 3 mils

Intergranular voids to a

depth of 1.5 mi Is

No attack

Light surface ro~ghening

Voids to a depth of 1 mi I

Light surface roughening*

light surface roughening

No attack

light surface roughening

Moderate surface roughen ing

1117

1120

1126

1131

17 Mo-2 W-bal Ni

17 Mo-4 W-bal Ni

17 Mo-3 Nb-bal Ni

17 Mo-5 Nb-bol Ni

Sodium

Fuel 107

Fuel 107

Fuel 107

1000

500

500

500

Intergranular voids to a Heavy surface roughening

depth of 2 mils

Heavy voids to a depth Few voids to a depth of 1 mil

of 1 mil

Few small pits to a depth Moderate surface roughening

of>0.5mil

Heavy surface roughening Light surface roughening

to a depth of <1 mil

*A thin discontinuous metallic layer was also found.
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Table 3.1.6. Chemical Analyses of Fuel 107 Before and After Circulation in

Nickel-Molybdenum Alloy Thermal-Convection Loops

Loop Alloy Composition
Uranium Metallic Constituents (ppm)

Sample Taken Content
No. (wt%)

(wt%) Ni C, Fe Ma AI TI V W Nb Mn

1087 20Ma-l Nb-l Ti-0.8 Mn-bal NI During filling 12.0 55 10 125

After operation

Hat le9 12.2 190 55 110 80 370 20 100
Cold le9 12.6 780 55 80 20 380 10 110

1093 17 Ma -7 C,-bal Ni During filling 12.6 35 15 125

After operation

Hat le9 12.0 145 655 50 140
Cold leg 12.4 200 655 70 25

1094 20 Ma-7 C,-2 Nb-l Fe-bel Ni During filling 12.9 170 60 165

After operation

Hat le9 12.3 270 665 80 115 , 5

Cold le9 12.5 140 655 80 5 10

1098 17 Mo-2 Ti-bol Ni During filling 12.9 85 60 210

After operation

Hot le9 12.9 160 30 125 125 390
Cold leg 12.9 85 40 50 25 382

1099 20 Mo-7 Cr-l AI-2 Nb-I Fe-bal Ni During filling 12.7 50 40 170

After operation
Hot leg 12.7 165 755 210 30 2815 7
Cold leg 12.8 140 735 90 15 2945 7

1100 17 Mo-2 V-bel Ni During filling 12.5 < I 25 105

After operation
Hot leg 12.5 85 30 115 215 <50
Cold leg 12.6 130 25 90 40 <50

1101 16 Ma-5 Cr-1.5 Ti-l AI-bal Ni During filling 13.2 65 55 125

After operation

Hot leg 12.8 45 245 100 30 2010 375
Cold le9 12.8 40 255 95 15 1830 345

1103 16Mo-1 AI-1.5 Ti-bol Ni During filling 12.8 115 65 125

After operation
Hot le9 11.9 65 35 95 120 2535 385
Cold le9 12.4 105 30 115 55 2650 400

1105 16 Mo-2 AI-1.5 Ti-bal Ni During filling 12.6 35 15 125

After operation
Hot leg 11.9 50 20 70 60 2210 445
Cold le9 12.2 70 20 80 20 2460 485

1108 17 Ma-2 AI'-bol Ni During fi lIiog 12.9 195 100 135

After operation

Hot leg 12.6 <2 40 65 45 1235
Cold le9 12.7 110 40 35 35 390

J J13 17 Mo-2 W-bol Ni During filling 12.7 210 120 170

After operation

Hat le9 11.8 45 50 100 280 1215
Cold le9 11.2 45 45 95 340 1095

1120 17 Mo-4 W-bol Ni During filling 12.6 185 115 175

After operation

Hot leg 11.9 20 50 100 115 1465
Cold le9 12.2 215 55 70 80 1185

1126 17 Mo-3 Nb-bal Ni During filling 12.7 < 1 50 125

After operation

Hot le9 12. I 70 40 105 170 70
Cold leg 12.5 270 50 85 30 7

1131 17 Mo-5 Nb-bal Ni During filling 12.1 65 40 75

After operation

Hot leg 6 50 300
"- Cold le9 30 25 335

• Results nol yet available.
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of 2 mi Is in this loop (1101) is comparable to the
attacks in the above loops containing 7 wt %
chromi urn. However, the chromi urn con tent in the
fuel after test was noticeably lower in the case of
loop 1101 (5 wt % chromium) than in the loops
with 7 wt % chromium.

Additions of 2 to 4 wt % tungsten to the nickel­
molybdenum alloy did not affect the depth of attack.
The hot-leg attack to a depth of 1.5 mils found in
loop 1113 (17% Mo-2% W-bal Ni) is shown in
Fig. 3.1.14. As may be seen the attack was pre­
dominantly intergranular, which is uncommon for
nickel-molybdenum alloys exposed to fuel 107.
Another loop fabricated of material from the same
heat also showed intergranular attack after opera­
tion with sodium. The attack by fuel 107 in loop
1120 (17% Mo-4% W-bal Ni), fabricated from a
different heat containing 4 wt % tungsten, was of
the usual general subsurface-void-formation type
and there were surface pi ts to a depth of 1 mi I.
The differences in the attack of the alloys con­
taining 2 and 4 wt % tungsten may result from
differences in the grain-boundary constituents of
the two alloys. The chemical analyses of the fuel
mixtures circulated in the two loops show sizable
amounts of tungsten, as high as 1465 ppm.

Additional loops fabricated from nickel-molyb­
denum alloys containing vanadium, niobium, or
titanium (loop 1100, 17% Mo-2% V-bal Nii loop
1126, 17% Mo-3% Nb-bal Ni; loop 1131, 17% Mo-

. ~'

,00_1
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Fig. 3.1.14. Maximum Hot-Leg Attack Found In

Thermal-Convection Loop 1113 (17% Mo-2% W-bal Ni)

Which Operated for 500 hr with NaF-KF-LIF-UF4
(11.2-41-45.3-2.5 Mole %, Fuel 107) at 1500oF. Etchant:

aqua regia. 250X. Reduced 32.5%. (Secret with caption)
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5% Nb-bal Ni; and loop 1098, 17% Mo-2% Ti-bal
Ni) and operated with fuel 107 showed attack of
0.5 to 1 mil. Chemical analyses were made of the
fuel mixtures circulated in these loops. There was
no appreciable vanadium bui Idup in the fuel from
loop 1100. There was, however, as indicated in
Table 3.1.6, a bui Idup of niobi urn in the fuel from
loops 1126 and 1131, with the niobium content of
the fuel from the loop containing 5 wt % niobium
being greater than that of the fuel from the loop
containing 3 wt % niobium. A slight buildup of
titanium was evident in the fuel from the loop con­
taining 2 wt % titanium (loop 1098), although the
level of titanium in the fuel after the test was
much less than the level of aluminum in fuel from
loops containing aluminum. Loops containing
titanium along with other alloying elements (l087,
1101, 1103, 1105) showed similar titanium con­
centrations in the fuel after the tests, with amounts
up to 485 ppm.

Sodium. - Data on the nickel-molybdenum alloy
loops operated with sodium are presented in Table
3.1.5. Mass-transfer deposits were visible in
nickel-molybdenum alloy loops 1023 (11% Mo-2%
AI-bal Ni), 1088 (20% Mo-1% Nb-2% Ti-0.8% Mn­
bal Ni), 1089 (15% Mo-3% Nb-0.5% AI-3% W-bal
Ni), 1102 (16% Mo-5% Cr-1.5% Ti-l% AI-bal Ni),
and 1117 (17% Mo-2% W-bal Ni), which operated
for 1000 hr wi th sod ium at a maxi mum temperature
of 1500°F; however, deposits were found metallo­
graphically only in loop 1102. These deposits
differed from deposits in Inconel-sodium systems
in that they did not adhere tightly to the loop wall.
Consequently, the deposits could be mechanically
removed, and thus they were lost during preparation
of metallographic samples. The quantity of de­
posited material visible in these loops was com­
parable to the quantities found in Inconel loops
operated with sodium under similar conditions.
Chemical analyses of the deposited material found
in loop 1102 showed 650 ppm Mo, 3400 ppm AI,
94% Ni, and 3.57% Cr.

The maximum hot-leg attack in all these loops
averaged slightly more than 1 mil. The attack
appeared as subsurface voids and pits, and thus
was similar to that found in the hot legs of loops
that circulated fuel 107. With the exception of the
alloy that contained 2 wt % tungsten, the grain
boundaries were not preferentially attacked. This
result is in contrast to the results for Inconel loops
inwhich attack by sodium is normally intergranular.
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Fig. 3.1.15. Specimens from Hot Legs of Loops 1085,

1086, ond 1010 Which Operoted with NaF.ZrF.-UF.

(50.46.4 Mole %, Fuel 30) at a Maximum Fluid Temper.

ature of 1500"F. Loop 1085 (a) operated 277 hr with

fuel; loop 1086 (b) operated 280 hr with fuel and 720 hr

with helium at the test temperature; loop 1010 (c) oper­

ated 1000 hr with fuel. Etchant: modified aqua regia.

250X. Reduced 33%. (Secret with caption)
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Void Migration in Inconel Exposed
to NaF·ZrF••UF.

Three standard Inconel thermal-convection loops
were operated with NaF-ZrF 4-UF 4 (50.46-4 mole %,
fuel 30) at a bulk fluid temperature of 1500o F.
One loop (1085) was terminated after 277 hr of
operation; the fuel in the second loop (1086) was
replaced with helium after 280 hr, and the loop
was held at test temperature for the remaining
scheduled operating period of 1000 hr; the third
loop (1010), included as a control loop, operated
the scheduled 1000 hr with fuel.

An analysis of the corrosion process in Inconel
systems containing fluorides indicates that the
rate of attack (that is, void formation) becomes
constant when the test period exceeds 250 hr.
This linear relationship of attack with time is
reached following an initial period of rapid attack
resulting from the equilibration of the fluorides
with Inconel. It was first assumed that the linear
migration of voids into Inconel with time repre­
sented a constant rate of chromium removal wi th
time. However, questions were posed as to whether
even in the absence of further chromium removal
some void formation might continue as a result of
the rapid stage of attack represented by the equili­
bration of fluorides. The purpose of these tests
was therefore to determine whether the migration
of voids into the Inconel, instituted by the leaching
of chromium during the corrosion process, would
continue if a loop were left at test temperature
without fuel.

Metallographic examination of loop 1085 revealed
heavy surface roughening and heavy genera I sub­
surface-void formation to a depth of 1 mi I in the
hot leg, accompanied by heavy intergranular
subsurface-void formation to a maximum depth of
8 mils. The cold leg showed only heavy surface
roughening. Comparison of the hot legs of loops
1085, 1086, and 1010, shown in Fig. 3.1.15, indi­
cated the attack in loops 1085 and 1086 to be
identical in depth, extent, and type of void forma­
tion. Further metallographic examination through­
out both loops revealed similar corrosion of re­
spective metallographic samples. In control loop
lOW, which operated with a different batch of fuel,
the maximum hot-leg attack was 12 mi Is, which
represents the normal depth of corrosion of Inconel
under these cond itions.

The results of these tests provide evidence that
the migration of voids into Inconel, instituted by
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as-tested specimen from the hot leg of loop 1072
is shown in Fig. 3.1.17.

An additional niobium thermal-convection loop
(1091) was operated for 1000 hr with sodium at a
maximum temperature of 1500°F. Examination of
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Fig. 3.1.16. Metallic Crystals in Fuel from Cold-Leg

Section of Niobium Thermal-Convection Loop 1072

Which Operoted 1664 hr with NaF-KF-LiF·UF4 (11.2­

41-45.3-2.5 Mole %, Fuel 107) at a Maximum Temper­

ature of 15000F. Unetched. SOX. Reduced 32.5%.

(Secret with caption)

Fig. 3.1.17. Maximum Hot-Leg Attack of Niobium

Thermal-Convection Loop 1072 Which Operated 1664 hr

with NaF-KF·LiF-UF4 (11.2-41-45.3-2.5 Mole %, Fuel

107) at a Maximum Temperature of 1500oF. Etchant:

HF.HN03-H 2SO4·H20. 2S0X. Reduced 31 %. (Secret

with coption)

NaF.KF.LiF·UF 4 and Sodium in Niobium

The compatibility of niobium with NaF-KF-liF­
UF 4 (11.2-41-45.3-2.5 mole %, fuel 107) and with
sodium was studied in thermal-convection loops
operated at a maximum fluid temperature of 1500°F.
The loops, which were fabricated by Battelle
Memorial Institute, were slightly smaller than
the standard loops employed for corrosion studies
of more common materials. The niobium tubing
used in the loops was fabricated from welded
sheet and had an inside diameter of 0.53 in. and
a wall thickness of 0.020 in. In order to eliminate
the niobium oxidation problem which would exist
at the test temperature, the niobium was encased
in on outer sheath of type 321 stainless steel.
This sheath completely surrounded the niobium
loop but was not integrally bonded to it. Fabri­
cation of a sound loop of this design was difficult
in that cracks often developed in the niobium
tubing while the sheath was being assembled.

Three niobium loops (1072, 1073, and 1022) were
operated 1664, 1000, and 775 hr, respectively,
with fuel 107 at a hot-leg temperature of 1500°F.
Termination of operation of loops 1072 and 1022
was caused by a power failure and loss of flow,
respectively. An analysis of the fuel circulated in
loop 1022 revealed a high buildup of chromium,
715 ppm, and pointed to the probability of a leak
that allowed the fuel to contact the cladding. The
examination of this loop showed an absence of
cold-leg deposits and only slight hot-leg attack in
the form of shallow pitting. Loops 1072 and 1073,
on the other hand, apparently remained sound
during operation, since no elements other than
niobium were found in the fuel after the tests.
However, macroscopic examination of the loops
revealed metallic crystals in the fuel layer close
to the cold-leg wall. These crystals were evident
metallographically, and are shown in Fig. 3.1.16.
Hot.leg attock in these loops occurred as shallow
pitting to a depth of less than 1 mil. A typical

the leach ing of chromium during the corrosion
process, does not continue if the loop is left at
the test temperature without fuel. Thus, the
coalescence of vacancies in the metal to form
vi si ble voids must proceed at a rate at least
commensurate with the rate at which vacancies
are formed. If the removal of chromium from the
metal surface is stopped, void formation is also
stopped.
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the hot leg of this loop showed little evidence of
attack other than, possibly, uniform surface re­
moval. Cold-leg deposits were, however, observed
macroscopically. Chemical analysis of the de-
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posited material indicated that the sodium probably
leaked into the cladding loop during operation,
since large amounts of iron, nickel, and chromium,
in addition to niobium, were present in the deposit.

163



ANP PROJECT PROGRESS REPORT

3.2. GENERAL CORROSION STUDIES

E. E. Hoffman

TESTS OF INCONEL TUBE·TO-HEADER JOINTS

WITH RECRYSTALLIZED WELDS

D. H. Jansen

The last of a series of Inconel tube-to-header
joints with recrystallized welds were corrosion
tested in NaK (56-44 wt %) and in NaF-ZrF 4-UF 4
(50-46-4 mole %) for 100 hr in seesaw-furnace
apparatus wi th a hot-zone temperature of 15000F.
These samples were fabricated at the Glenn L.
Martin Co. by using a prechamfered header plate
of the type shown in Fig. 3.2.1. In comparison

UNCLASSIFIED
y- 24330

Fig. 3.2.1. Schematic Drawing of Prechamfer Method

af Tube·to-Header Ja int F abr ication.

Fi g. 3.2.2. As-Rece ived Recrysta lIized Tube-to-

Header We Id Fabricated by Using a Prechamfer Method.

Note large tube-to.header contact area. Etchant: 10%

oxalic acid. 12X. Reduced 29.5%.

with the welds tested previously 1 the prechamfered
type of weld (Fig. 3.2.2) results in decreased
material deformation and greater weld surface area.
A prechamfered type of recrystallized weld that
was exposed to NaF-ZrF 4-UF 4 (50-46-4 mole %,
fuel 30) for 100 hr at 15000 F is shown in
Fig. 3.2.3. The attack along the tube-header
interface was no greater than the attack on the
tube and on the header. A maximum of 0.5 mil of
attack was found on the Inconel components of
the specimens tested in NaK, and the attack on
the tube-header interface was similar.

10 • H. Jansen, ANP Q P R P D 31 1956uar. rog. e. ec.. •
ORNL-2221. p 184.

Fig. 3.2.3. Recrystallized Weld Fabricated by

Prechamfer Method After Exposure for 100 hr in NaF.

ZrF 4-UF 4 (50-46-4 Mole %. Fuel 30) at 1500o F. Etchant:

aqua regi a. 75X. Reduced 43.5%. (Secret wi th caption)

TESTS OF HA YNES NO. 8244 BRAZING ALLOY

D. H. Jansen

Inconel tube-to-header joints brazed with Haynes
No. 8244 brazing alloy (nominal composition, in
wt %: 9.4 Cr, 4.4 Fe, 3.7 Si, 2.2 B, 0.3 Mn,
0.06 C, bal Ni) were corrosion tested in NaF­
ZrF 4-UF 4 (50-46-4 mole %, fuel 30) and in NaK
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(56-44 wt %) in the seesaw-furnace apparatus.
The test periods were 100 hr, and the hot zones
in which the specimens were retained were main­
tained at 15000F. The brazing alloy showed good
corrosion resistance to NaK, but there was light
subsurface attack to a depth of 3 mils on the
specimen tested in the fuel mixture, as shown
in Fig. 3.2.4.

COMPATIBILITY OF MOLYBDENUM AND

NICKE L·MOL YBDE NUM AL LOYS IN

NoF-KF-LiF-UF 4

D. H. Jansen

In connection with studies of cladding hydride
moderator materials for use in high-temperature cir­
culating-fuel reactors, tests were conducted in
seesaw-furnace apparatus to investigate the com­
patibility of molybdenum and nickel-molybdenum al.
loys in NaF-KF-liF-UF

4
(11.2-41·45.3·2.5 mole %,

fuel 107). The test assembly consisted of a

PERIOD ENDING MARCH 31,1957

~'in.-OD, 0.035-in.-wall alloy capsule in which
a cold-rolled strip of molybdenum, 0.018 in. thick
and one half the length of the test capsule, was
confined in the hot zone.

A capsule fabricated from 15% Mo-6% Cr-bal
Ni alloy tubing wds tested for 500 hr at a hot-leg
temperature of 16500F with a temperature gradient

of 300°F, and a 17% Mo-2% V-bal Ni capsule was
tested under similar conditions, except that the
maximum temperature was 16000F. Spectrographic
analyses indicated the presence of nickel on the
surfaces of the molybdenum strips from both the
capsules as a result of dissimi lar metal mass
transfer. No evidence of chromium or vanadium
was detected. Metallographic examination showed
that the molybdenum specimen tested at 16500F
had become recrystallized, while the one tested
at 16000F showed the elongated and distorted
grains typical of rolled materials. No attack to
a depth greater than 0.5 mi I was found on either
alloy capsule, and no thickness changes or attack
of the molybdenum strips could be detected.

•
UNCLASSIFIED

Y·21S89

VI
III
:r
u
z

), . •" •
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.~.,

0 (b). ~
". 5:! .,

Fig. 3.2.4. Haynes Brazing Alloy No. 8244 on Inconel Tube .. o-Header Joints After Exposure to (a) NaF-

ZrF 4-UF 4 (50-46-4 Mole %, Fuel 30) and (b) N9K (56-44 wt %) in Seesaw-Furnace Apparatus for 100 hr at a Hot-Zone

Temperature of lS00oF. Light subsurface attock can be seen in (a). Specimen nickel plated to preserve edge

during polishing. Etchont: none, as.polished. 100X. Reduced 6%. (Secret with caption)
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More severe tests of these materials are to be
conducted, since the cladding problem would be
greatly simpl ified if it could be established that
molybdenum and nickel-molybdenum alloys were
compatible in the fuel system. At present it is
felt that a duplex clad of molybdenum and nickel·
molybdenum alloy may be required to prevent dis­
similar metal mass transfer. The molybdenum is
required as a hydrogen diffusion barrier for the
hydr ide moderator materia I.

UNCLASSIFIED
Y·20702 j

HOT ZONE - 4600
0
F

THERMAL·CONVECTION LOOP TEST OF

SODIUM IN HASTELLOY B

SODIUM-B ERYL L IUM·INCONE L CO MPA TIBI L ITY

IN A STATIC SYSTEM (TEST NO.3)

The apparatus used for tests of the compatibi lity
of sodium, beryllium, and Inconel and results of
two earlier compatibility tests in this series were

COLD ZONE - 990
0
F

ONE INCH

descri bed previous Iy. 3 The interface cond ition s
tested in this third experiment are described in
Table 3.2.1, along with results of metallographic
examinations of the interfaces after the test.
During the 1000-hr test the temperature was cycled
from 1300 to 500°F ten times to determine the
extent to which the brittle intermetallic compounds
which form the interfaces might spall. Each
cycle required a 5-hr cooling and an 8-hr heating
period; therefore, the specimens were actually at
13000F for 870 hr of the 100·hr test. The results
of metal/ographic examination of the specimen
interfaces following the test are illustrated in
Fig. 3.2.7. Several of the phases which formed
when the Inconel specimens were plated with

Fig. 3.2.5. Sections from Hastelloy B Thermal-

Convection Loop Which Circulated Sodium far 1008 hr.

(Confidential with caption)

L. R. Trotter

L. R. Trotter

E. E. Hoffman

E. E. Hoffman

A thermal-convection loop fabricated of Hastelloy
B and filled with sodium was operated to obtain
a comparison of the mass transfer and corrosion
resistance of Hastelloy Band Inconel in sodium
systems. The loop operated for 1008 hr at a
hot-zone temperature of 16000F and a cold-zone
temperature of 990°F. No significant differences
were found between the amount of attack and
mass transfer found in this loop and in two Inconel
loops operated under similar conditions. 2 In all
three tests an air blast that impinged on the
bottom of the cold leg was used to effect a very
sharp temperature drop and thus concentrate any
mass transfer deposits. Only a few very small
mass-transfer crystals were detected in the Hastel­
loy B loop following the test, as shown in Fig.
3.2.5. In general the crystals found in this loop
did not seem to adhere to the walls as weI/ as
those found in Inconel loops. The hot- and
cold-leg surfaces of the Hastelloy B loops were
attacked to depths of from 1 to 2 mils, as shown
in Fig. 3.2.6. It may also be noted in Fig. 3.2.6
that scattered areas of the as-received tubing
had serious surface defects.

2 E. E. Hoffmon, ANP Quar. Prog. Rep. Sept. 10, 1956,
ORNL-2157, p 161.

3 E. E. Hoffman, ANP Quar. Prog. Rep. June ZO. 1956,
ORNL.2106, p 148; E. E. Hoffman and R. Carl ander,
ANP Quar. Prog. Rep. Sept. ZO, 1956, ORNL·2157, p 160.
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Fig. 3.2.6. As-Received Hastelloy Band Sectians from the Hastelloy B Thermal·Convection Loop Which

Circulated Sodium for 1008 hr. The hot leg was attacked to a slightly greater extent than the cold leg. The as­

received material cantained a few widely scattered surface irregularities. Etchant: modified aqua regia. 500X.

Reduced 12%. (Confidential with caption)

Table 3.2.1. Results of Metallographic Examination of Interfaces of Specimens from

Sodium.Beryllium-lnconel Compatibility Test No.3

T est duration: 1000 hr

Test temperature: 1300oF, cycled to 500°F ten times

Contact pressure between specimens: 500 psi

Interface Results of Metal/ographic Examination Across the Interface

Inconel plus l-mil nickel plate plus 4·mil

chromium plate vs beryllium

Inconel plus 1.5 mils of a nickel-rich phase plus 2.5 mils of on

unidentified phase plus 3.5 mils of Be2Cr (see Fig. 3.2.7a)

Inconel vs beryllium, direct contact

(standard)

Inconel plus 1 mil of BeNi plus 18 mils of Be21NiS (see

Fig.3.2.7b)

Inconel plus 3·mil chromium plate

vs beryllium

Inconel plus 2 mils of BeNi plus 1 mil of chromium plus 6 mils

of Be 2Cr (see Fig. 3.2.7cl

Inconel plus 3 0 mil chromium plate

vs beryllium (duplicate of above)

Inconel plus 2 mils of BeNi plus 1 mil of chromium plus 6 mils

of Be2 Cr
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both nickel and chromium have not yet been
identified. It appears that nickel plating of th,e
Inconel prior to chromium plating is unnecessary
and possi b ly undes irable for thi s appl ication.
The results found at the chromium-plated Inconel
vs beryllium interfaces confirm the previous
findings which indicated that a minimum of 5
mils of chromium plate is required to ensure that
all the chromium is not consumed by reaction with
the beryllium under the conditions of this ex­
periment. No serious spalling of the brittle
compounds Be21 NIs and Be 2Cr was detected in
these tests.

EFFECT OF ZIRCONIUM ON CORROSION IN
AN INCONE L-SODIUM SYSTEM

R. Carlander4

An Inconel-sodium thermal-convection loop with
a zirconium sleeve in its hot leg was operated
for 1000 hr with the hot leg at 1500°F and the
cold leg at 1230°F in order to determine whether
the zirconium would remove oxygen from the
sodium and thus affect the corrosion of the Inconel.
Since no mass transfer and little attack occurred,
the test indicated that the presence of zirconium
had a beneficial effect. s In an effort to sub­
stantiate these results, two Inconel standpipe
test capsules, one containing a zirconium speci­
men, the other an Inconel specimen, were 50%
filled with sodium and tested for 400 hr with the
top and bottom of the sodium bath at 1000 and
1600oF, respectively.

Mass transfer occurred in both capsules, and,
although the weight of the crystals found in each
capsule was approximately the same, the com­
position of the crystals (75.5% Ni-10.4% Cr-14.1%
Fe) from the capsule containing the Inconel speci­
men differed markedly from that of the crystals
(95.6% Ni-3.5% Cr-0.9% Fe) from the capsule
which contained the zirconium specimen. The
effect of zirconium on the mass-transfer crystal
compos ition is not understood.

Visual examination of the zirconium specimen
following the test indicated that no oxide scale
had formed. Metallographic examination revealed

40n assignment from Pratt & Whitney Aircraft.

SR. Coriander, ANP Quar. Prog. Rep. Dec. 31. 1956,
ORNL-2221, p 192.
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that a transition from alpha to beta zirconium
occurred in the center of the specimen, as was
expected as a result of heating the zirconium
from room temperature to 16000F. The outer
surfaces of the specimen, however, retained the
alpha structure to a depth of 40 mils, as shown
in Fig. 3.2.8. The retention of the alpha-structure
on the outer surfaces was thought to be due to
oxygen absorption which raised the alpha to beta
transition temperature, whi ch is normally 154SOF,
to above the test temperature of 16000F and thus
stabilized the alpha phase. In order to test this
hypothes is, two sets of mi II ings from the surface
of the tested specimen, one to a depth of 40 mils
(alpha region) and the other from a depth of 40
to 80 mils (beta region), and two sets of similar
millings from an as-received specimen were
chemically analyzed. The analyses, reported in
Table 3.2.2, revealed that the alpha region did
absorb oxygen during the test. Since the sol­
ubilities of iron, nickel, and chromium are higher
in beta zirconium than in alpha zirconium, these
metals diffused from the alpha region to the beta
region during the test, as shown by the analytical
results. The data obtained from these tests thus
indicate that the zirconium did remove oxygen
from the sodium; however, there was no observable
reduction in the corrosion of Inconel as a result
of the oxygen removal by the zirconium.

MOL YBDENUM-BE RYL LIUM CO MPATIBI LITY
IN SODIUM

R. Carl ander

Two tests of the compatibi Iity of molybdenum
and beryllium in contact in static sodium were
conducted in the apparatus illustrated schema­
tically in Fig. 3.2.9. The temperature of the
test system was maintained at 15000F for each
of the tests, one of which was for a period of
100 hr and the other for 500 hr. Metallographic
examination of the specimens after the test re­
vealed that a two-phase diffusion zone had formed
between the specimens in the 100-hr test, whereas
a three-phase diffusion zone formed in the 500-hr
test.

The examination of the specimens from the
100-hr test showed that the diffusion layer adjacent
to the beryllium specimen was the intermetallic
compound MoBe 13 • This layer, which was 1 mil
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Fig. 3.2.8. Zirconium Specimen Exposed to Sodium in an Inconel Capsule for 400 hr at 1600uF. Outer surface is

alpha-zirconium to depth of 40 mils. The precipitotes at the grain boundaries are probably intermetallic compounds

of iron, nickel, and chromium with zirconium. Etchant: 46% H
2

0-46% HN03-8% HF. 50X. (Confidential with

caption)

Table 3.2.2. Chemical Analysis of Millings from As-received Zirconium and a

Zirconium Specimen Tested in Sodium in an Inconel Capsule

Specimen
Iron Nickel

Composition (ppm)

Chromium Oxygen

As-received zirconium

First 40 mils

Second 40 mils

360

350

4

2

28

25

910

720

As-tested zirconium

First 40 mils (alpha region)

Second 40 mils (beta region)

68

850

8

160

20

55

2600

970
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UNCLASSIFIED
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pink, was cracked and had a hardness of 1598 YHN.
The layer adjacent to the molybdenum specimen
was MoBe 2• It was 2.5 mils deep and white, and it

had a hardness of 2390 YHN. The specimens
from the 500-hr test are shown in Fig. 3.2.10.
The inherent brittleness of the two intermetallic
compounds formed in the tests indicates that
the solid-solid diffusion that occurs between
molybdenum and beryllium at 15000F is of a
deleterious nature that would seriously affect
the structural properties of the two metals in a
high-temperature application. Additional tests
in which a 500-psi pressure will be applied to
the specimens are to be conducted. The results
of these tests will be compared with the results
obtained in Inconel-beryllium-sodium compatibility
tests.

Specimens of the four TiC-nickel cermets listed
below were corrosion tested in sodium in Inconel
capsules for 100 hr in a seesaw furnace operating
at 1 cpm with hot- and cold-zone temperatures
of 1500 and 11200F, respectively.

TITANIUM CARBIDE-NICKEL CERMETS

IN MOL TEN SODIUM

W. H. Cook

2
I

SCALE IN INCHES

o
ASS""""" .....

TYPE 316 STAINLESS STEEL CAP

-SODIUM

-MOLYBDENUM TEST SPECIMEN

BERYLLIUM TEST SPECIMEN

MOLYBDENUM OlSK

,/n,--- TYPE 316 STAINLESS STEEL CLAD­
MOLYBDENUM- CAPSULE

V"',,"_- MOLYBDENUM POSITION ROD

F i9' 3.2.9. Molybdenum-Beryll ium-Sodi um Compati-

bility Test Capsule.

The specimens were retained in the hot zones of
the capsu les during the test. The surfaces of all
four cermets were roughened to depth of 0.5 mil,
but the K152B and K162B specimens appeared
to be the most severely attacked. The attack
in each case may have been on an Ni-TiC sol id
solution along the TiC-binder interface, since
it appeared that the metal binder had been removed
and that the TiC grains were slightly reduced
in size. The typical appearance of the attack
is shown in Fig. 3.2.11. Chemical analyses of
the sodium baths after the tests showed erratic
scatter of the results from less than 15 to approxi­
mately 60 ppm of titanium or nickel in 20-g
samples.

th ick and p ink, was cracked and had a hardness
of 1598 YHN (50-g load). The layer adjacent
to the molybdenum specimen was MoBe

2
• It was

0.5 mi I thick and white, and it had a hardness
of 2107 YHN. The identifications of the inter­
metall ic compounds MoBe l3 and MoBe

2
were

based on previous investigations. 6

The layer formed adjacent to the beryllium
specimen in the 500-hr test spalled from the
surface when the bond between the specimens
separated during preparation for metallographic
examination. The material that spalled has not
been positively identified, but it appears to be
beryllium oxide. It may have formed as a result
of oxygen contamination of the sodium. The
middle layer of the three-phase diffusion zone was
MoBe l3 • This layer, which was 2.5 mils deep and

6S• G. Gordon, J. A. McGurty, and G. E. Klein, Inter­
metallic Compounds in the System Molybdenum-Beryllium,
NEPA-1686 (Jan. 10, 1951).

Kl50A:

K151A:

K152B:

K162B:

80% TiC-l0% NbTaTiC3 -10% Ni

70% TiC-lO% NbTaTiC3 -20% Ni

64% TiC-6% NbTaTiC3 -30% Ni

64% TiC-6% NbTaTiC3 -25% Ni-5% Mo.
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Fig. 3.2.11. Cermet K151A (a) As-Received and (b) After a 100·hr Exposure to Molten Sodium in a Seesaw

Furnace with Hot· and Cold-Zone Temperatures of 1500 and 1120o F, Respectively. The white phose is nickel and ~

the large gray, angular particles are TiC. Both the untested and the tested specimens were nickel plated to protect

the edges during pol ishing. Unetched. 1000X. (Confidential with caption)
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·. In similar tests in NaK (50-50 wt %), performed
at Battelle. Memorial Institute, with hot- and cold­
zone temperatures of 1600 and 12000F, respec­
tively,7 there was surface roughening to a depth
of 0.5 mi I on all these cermets, except K162B,
in 11O-hr exposures. Previous similar tests at
ORNL showed that these four cermets were not
attacked by NaF-ZrF 4-UF4 (53.5-40-6.5 mole %,
fuel 44).8

BORON CARBIDE AND BORON NITRIDE IN

MOLTEN SODIUM

W. H. Cook

The ceramics boron carbide and boron nitride
are of interest as refractory materials for use
in reactors as thermal-neutron absorbers. In
recent standard screening tests of ceramics in
liquid metals, two boron carbide specimens,
with theoretical densities of 85 and 90%, re­
spectively, had better corrosion resistance to
molten sodium than that previously observed. 9

Each of the B4C specimens was exposed to
static sodium for 100 hr at 15000F in Inconel
containers. The results of these tests are com­
pared with a result of an earlier test in Table
3.2.3. Since it is difficult to completely remove
sodium and sodium compounds from a porous
ceramic body, it is surprising that the calculated

7 S. J. Basham, J. H. Stong, and E. M. Simons, Tilting.
Furnace Corrosion Screening 01 Materials Exposed to
Molten Fluoride Salt and NaK, BMI-1132, pp 46, 48
(Sept. lB, 1956).

8 E. E. Hoffman, W. H. Cook, and C. F. Leitten, Jr.,
ANP Quar. Prog. Rep. March 10, 1955, ORNL-1864, p 84.

9 E. E. Hoffman, W. H. Cook, and C. F. Leitten, ANP
Quar. Prog. Rep. Dec. 10, 1954, ORNL·1B 16, p B4.
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and measured specimen weight losses given in
Table 3.2.3 agree so wei!. The results calculated
from the chemical analyses are considered to
be the most important in determining the extent
of corrosion. The only visible changes in the
tested specimens were that they both had duller
surfaces than they had before the tests. The
B4C of 100% theoretical density, which was
tested previous Iy, 9 cracked and fell apart after
exposure to sodium.

A specimen of boron nitride (nominally, ~ x ~
x }2 in.) with a density of 98% of theoretical
(theoretical density of BN = 2.20 g/cm 3 was

severely attacked in a 100-hr exposure to molten
sodium in a seesaw furnace operating at 1 cpm
with hot- and cold·zone temperatures of 1500
and 115a:'F, respectively. The specimen container
was Incone!.

The measured weight loss of the specimen was
10.8%, and the weight loss based on chemical
analyses of the sodium after the test was 8.2%
if all the boron found was in the form of BN before
the test. Since the BN was extremely soft even
in the dense state, some of the weight loss could
have been due to attrition between the specimen
and its container. However, metallographic exami­
nation with reflected light showed that the as­
tested specimen had developed cracks below
and parallel to its surfaces. Under polarized
light, the specimen appeared to have altered
throughout. There was a dense, shell-like ma­
terial approximately 0.003 in. thick surrounding
the core of the specimen. This "shell" contained
the cracks observed with the reflected light. The
core of the specimen appeared to be less dense
than it wa s before the test and to be covered
with black spots.

Table 3.2.3. Results of Exposure of Boron Carbide Specimens to Static Sodium for 100 hr at 15000 F

Weight Loss of Specimens (%)
B4C Specimen Density Dimensionol

(% of theoretical*) Chonge (%)
By Weight

Measurements Colculated**

'VB5 -0.1 1.6 1.6

'V 90 -0.04 0.4 0.3

100 6.5

*Theoretical density = 2.51 g/cm3.

**This represents the weight loss calculated on the basis that all the boron found in the sodium by chemical
analyses after the test wos originally B4C in the specimen.
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SIC-Si IN MOLTEN SODIUM

W. H. Cook

The silicon was completely removed from an
SiC-Si specimen during 100 hr of exposure to
molten sodium in an Inconel container in a seesaw
furnace operating at 1 cpm with hot- and cold-zone
temperatures of 1500 and 1150°F, respectively.
The silicon was found on the walls of the Inconel
container. The specimen was submitted as a
dense SiC material. 10 The nominal composition

of this type of material is 85 to 90% SiC plus
10 to 15% free silicon plus minor quantities of
iron, alumina, and silica. The free silicon probably
resu Its from the fabrication procedure, and the
minor constituents aid in the densification of
the SiC. 11 As-received and tested specimens

are compared in Fi g. 3.2.12.

100esignated Body 4107-22-7 by the Carborundum
Company, Perth Amboy, N. J.

l1 R• A. Alliegro, L. B. Coffin, and J. L. Tinklepaugh,
]. Am Ceram Soc. 39, 386-387 (1956).

The results of this test were consistent with
previous results obtained in a static test of a
different type of SiC-Si material 12 and in similar
tests of pure silicon and silicon-containing alloys.
The nature and rapi d rate of the s i Ii con removal
in these tests indicate that the silicon was
attacked and that perhaps the attack was assisted
by concentration-gradient mas s trans fer. These
data appear to disagree with reports 13 that sodium

does not react with silicon.

LEAD-LITHIUM ALLOY IN WATER
D. H. Jansen

Lead-lithium alloy specimens were tested in
distilled water at room temperature and at the
boi Iing point, and cracks and dimensional in­
creases, such as those shown in Fig. 3.2.13,
were observed after all the tests. The lithium

12W• H. Cook, Met. Semiann. Prog. Rep. Oct. ZO, 1955,
ORNL-1988, p 17.

13M• Sittig, Sodium: Its Manufacture, Prop erties, and
Uses, pp 53, 243, Reinhold, New- York, 1956.

..

Fig. 3.2.12. Silicon Carbide-Silicon (a) As-Received and (b) After Exposure for 100 hr to Sodium in a Seesaw

Furnace with Hot- and Cold-Zone Temperatures of 1500 and 11 50°F, Respectively. In (a) the white areas are

silicon and the gray areas are SiC; in (b) the silicon has been removed. Unetched. lOOX. (Confidential with

caption)
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.' content of the water after the tests and the weight
changes of the individual samples are given in
Table 3.2.4. The loss of lithium to the water
in the 100-hr room-temperature test was 16.6
mg/in. 2 of alloy surface, and it has been cal­
culated that this would be equivalent to about
53 g of lithium lost to the water in the Bulk
Shielding Facility (BSF) in 100 hr from a 36-in.­
square, 4·in.-thick slab. If the 4-in.-thick slab
were made up of eight ~.in. plates with water
between them, as proposed, the amount of lithium
leached by the water would be about 350 g in
100 hr.

UNCLASSIFIED
Y-21522

1;"'-------- 1 in. --------i_~1
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The lead-lithium spectrometer housing proposed
for use in the BSF is to be poured at approximately
40O"C and allowed to solidify slowly. Therefore
a test was conducted to determine whether gross
segregation would occur in the alloy if the housing
were fabricated in this manner. The test was
conducted by filling a ~-in.-OD, 30-in.-long Armco
iron capsule with lead-lithium alloy to a height
of 24 in. The capsule was held in a vertical
position, heated for 4 hr at 40CY'C, and allowed
to cool in the furnace. Samples of the alloy were
taken from various locations in the capsule
and analyzed for lithium content. The analyses

showed the Iithi um contents at the top and bottom
of the column to be about the same, 0.73 and
0.70 wt %, but a sample from the center showed
an abnormally high lithium content, 0.94%. An­
other test is planned in which the capsule will
be crimped at various places along its length
in order to isolate one section from another while
the alloy is still molten. In this manner it can
be determined whether segregation takes place
while the alloy is in the liquid state.

An attempt was made to cast a 36-in.-square,
~-in.-thick plate of the alloy, and it was found
that dimensional tolerances could not be adhered
to and that there was some poros ity in the casting.
Therefore, it has been decided to cast a slab
21 in. square, but thicker (l~ in.), and have it
rolled to the required finished dimensions (36 x 36
x ~ in.).

VOLATILITY PILOT PLANT CORROSION

STUDIES

Investigations of the various corrosion problems
relative to operation of the volati Iity pi lot plant
for fuel reprocessing were continued. These

Fig. 3.2.13. Lead-Lithium Alloy Specimens (0.65

wt % Li) (al As-Received, (bl After Exposure to Water

for 100 hr at Room Temperature, and (c) After 100 hr

in Boi ling Water. (Confidential with caption)

E. E. Hoffman L. R. Trotter

...

Table 3.2A. Results of Corrosion Tests of Lead-Lithium Alloy Specimens (0.65 wt % Li) in Distilled Water

Water Test Specimen Lithium Lost per Unit

Temperature Duration Weight Gain of Alloy Surface

eF) (hr) (%) (mg/in. 2)

212 50 +0.5 67

212 100 +0.9 Sample lost

72 50 +0.3 7

72 100 +0.6
16.6
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EXPERIMENTAL STUDIES WITH MOLTEN
LITHIUM 14

studies are being performed in cooperation with
members of the Chemical Technology Division and
are reported in Chap. 4.2, "Fuel Recovery and
Reprocessing," of this report.

14Report on subcontract work performed at Nuclear
Development Corporation of America (NDA), White Plains,
N. Y. Thi s subcontract is coord inated at aRNL by
E. E. Hoffman and T. Hlkido.

150n assignment from USAF.

16 R• C. Ross, Quarterly Progress Report and Reactor
Development July I. 1955 Through September 30. 1955,
NDA-15 (Oct. 21, 1955); Quarterly Progress Report and
Reactor Development October I, 1955 Through December
31. 1955, NDA·20 (Jan. 23, 1956); Quarterly Progress
Report and Reactor Development January I. 1956 Through
March 31. 1956, NDA-25 (May 1. 1956); J. M. McKee and
R. C. Ross, Quarterly Progress Report and Reactor
Development April I, !956 Through June 30. 1956, NDA­
32 (Dec. 24, 1956).

An investigation of the feasibility of using
lithium as a reactor coolant was begun at NDA
in July 1955 under sponsorship of the Aircraft
Reactors Branch of the AEC. In July 1956 co­
ordination of the contract was transferred to the
Metallurgy Division of ORNL. The results of the
wor kin fi sea I year 1956 were reported by NDA. 16

The over-all objectives of the fiscal year 1957
program were to determine, principally by the
use of thermal-convection loops, the effects of
nitrogen and oxygen impurities on mass transfer
in type 316 stainless steel-lithium systems.
Other container materials that were to be in­
vestigated were type 430 stainless steel, niobium,
and possibly molybdenum. Fundamental inves­
tigations were to include a study of the rate of

..solution of container materials in pure lithium.
the ultimate solubility of container materials
in lithium, and possibly the solubility of lithium
nitride in lithium.

Cons iderable work on the development and
improvement of analytical techniques for deter­
mining the nitrogen, oxygen, and carbon contents
of lithium was performed at NDA in fiscal year
1956 and has been continued into fiscal year
1957. The thermal-convection loop design was
standardized so that ORNL and NDA test results
could be correlated. A lithium still has been in
operation at NDA for several months, and all
tests are performed with the high-purity material
(less than 20 ppm of N2) produced in this still.

Among the most significant results obtained
to date are indications that titanium and zirconium
are benefical in increasing the time required for
type 316 stainless steel loops (hot leg, 16000F;
cold leg, 11000F) to plug with mass-transfer
crystals. Loops containing titanium and zirconium
operated for approximately 500 hr, whereas standard
loops with no additions plugged in roughly 100 hr.
Cold trapping of the lithium by means of a
positive-flow cold trap to reduce the impurity
content shows promise of increasing the time
required for stainless steel loops to plug. Three
recently operated loops of type 316 stainless
steel, fabricated from an ORNL design (hot and
cold legs 30 in. long, horizontal connecting legs
18 in. long), plugged with mass-transfer crystals in
95 ± 25 hr. The results of the tests will be used
as base-line data for future tests in which attempts
will be made to study the effect on mass transfer
of nitrogen, oxygen, titanium, zirconium, and
positive-flow cold traps. No solution rate data
have been obtained to date, but tests have been
initiated.

T. Hikido 15E. E. Hoffman
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.- 3.3. FABRICATION RESEARCH

J. H. Coobs

NICKEL·MOLYBDENUM ALLOY DEVELOPMENT

H. Inouye T. K. Roche

General Status of Development Program

The program for developing nickel-molybdenum
alloy container materials for fluoride fuels that
have better heat transfer properties than those of
Inconel was continued during this quarter. The
most favorable characteristics of the new alloys in
comparison with Inconel are their superior corrosion
resistance and strength. The corrosion resistance
of nearly everyone of the new alloys tested in
NaF-KF-LiF-UF 4 (11.2-41-45.3-2.5 mole %, fuel
107) was equivalent to that of Hastelloy B, and the
average stress-rupture life at 1500°F and a stress
of 8000 psi was obout 400 hr, which is better than
that of Inconel by a factor of 4. These properties
were attained without seriously affecting the
fabricability, and the new alloys do not become
brittle during aging or welding.

In terms of reactor performance, it appears that

the nickel-molybdenum alloys will permit the use
of a more efficient fuel than that planned for use in

the ART and probably an increase of 150°F over
the ART operating temperature. Consequently,
every effort is being made to translate laboratory
data into commercial practice. With this objective,
the effort is bei ng concentrated on one or two
promising compos itions that are to be made in
pilot-plant quantities at the Westinghouse Electric
Corporation plant at Blairsville, Pennsylvania.

The properties of the a Iloys that have been
prepared in the laboratory are summari zed below:

Fabricability. - The fabricabi lity of the nickel­
molybdenum alloy depends on the quantities of
other elements that must be added to provide the
necessary strength. The indications are that the
fabricabi Iity wi" be between that of Inconel and
that of Hastelloy B.

Corrosion Resistance. - The corrosion resistance
of the new alloys in fuel 107 and in sodium at
metal temperatures of 1650°F is equivalent to that
of Hastelloy B when the criterion is the depth of
corrosion. A more sensitive indication of corrosion
susceptibility is the change in the chemical compo­
s ition of the fuel as a resu It of contact with the
alloy. The corrosion tests have indicated that

chromium, aluminum, and tungsten should be held
to a minimum in the new alloys.

Stress.Rupture Properties. - The stress-rupture
data show that, in most cases, the new alloys fall
short of the goal of a rupture life of 1000 hr at
8000 ps i and a temperature of 1500° F i however,
the con si derable scatter of the data prevents
accurate strength estimates. The average creep
and stress-rupture properties of the various compo­
sitions tested to date are plotted in Fig. 3.3.1.
Since data from all the alloys tested were averaged,
it is expected that the compos iti on se Iected for
further deve! opment wi II have properties somewhat
better than those shown in Fig. 3.1.1.

Joining Characteristics. - The weldabi lity of
these alloys has not been determined as fully as
desired. Hot ductility tests on some of the alloys
indicate that titanium and aluminum are undesirable,
as are niobium and tungsten when used in con­
junction with a high carbon content. Similarly, for
dry-hydrogen brazing the alloys should contain a
minimum of aluminum and titanium.

Oxidation Resistance. - The oxidation rate of
nearly every composition has been determined to be
tolerable in that over 60 thermal-convection loops
have been operated in air without failures at­
tributable to oxidation. The metal temperature
attained in these tests was approximately 1650°F
for periods of up to 1000 hr. The alloys that showed
the most oxidation contained tungsten and niobium.

Aging Characteristics. - The stability of each
alloy was determined by observing the changes in
tensile strength, stress-rupture properties, and
hardn~ss after agingat 13000 F. The aging response
was significant in compositions that contained 0.25%
Be or 2.0% AI + 1.5% Ti. A sl ight response to aging
was observed for alloys containing 1.0% AI + 1.5%
Ti.

Summaries of the properties of laboratory heats
of nickel-molybdenum alloys INOR-1 through (NOR­
8 are presented in Tables 3.3.1 through 3.3.8. The
fuel mixtures referred to in the tables have the
following compositions:

Fuel 30 NaF-ZrF 4-UF 4 (50-46-4 mole %)

Fuel 107 NaF-KF-LiF-UF 4 (11.2-41-45.3-2.5
mole %)
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Fig. 3.3.1. Average Creep and Stress-Rupture Prapertles of Nickel-Molybdenum Alloys at 15000 F in Argon and

in NaF-KF-LiF-UF 4 (11,2-41-45.3-2.5 Mole %, Fuel 107). (Secret with caption)

Table 3.3.1. Properties of Nickel-Molybdenum Alloy INOR-l

Mo Other Ni

Composition, wt %: 15-20 0.06 C; 0.5 AI Bol

Number of heots: 7

Number of compositions: 3

Fabricability: Equivolent to that of Inconel

Oxidation resistance: Inadequate; minimum resistance with about 20% molybdenum

Joining: Brazable by conventional techniques; weldability between that of Inconel ond thot of Hostelloy B

Stress-rupture: 1000-hr rupture strength at 15000 F about 4500 psi (extrapolated)

Corrosion: In fuel 30 for 1000 hr at 1500 oF. 1 mil

In fuel 107 for 1000 hr at 1500o F, 2 mils

Aging characteristics: None

Remarks: All properties favorable except oxidation resistance ond strength
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Table 3.3.2. Properties of Nickel.Molybdenum Alloy INOR·2

Mo Cr Other Ni

Composition, wt %: 16-20 3-10 0.5 AI, 0.5 Mn, 5 Nb, 0.1 C (max), 0.25 Ce (max) Bal

Number of heats: 16

Number of compositions: 8

Fabrkability: More difficult to fabricate than Inconel

Oxidation resistance: Sotisfoctory only with 7% or more chromium

Joining: Brazable by conventional techniques; weldobility between thot of Inconel and that of Hastelloy B

Stress-rupture: 1000-hr rupture strength at 1S00 o F (extrapolated)

With 3% Cr 4500 ps i

With 5% Cr 6000 psi

With 7% Cr 6500 psi

Corrosion: In fuel 30 for 1000 hr at 15000 F, 0.5 to 1 mil

In fuel 107 for SOD hr at 15000 F, 1 mil

In fuel 107 for 1000 hr at lS00oF, 2 mils

In sodium for 1000 hr at 1500o F, 0 to 1 mil, slight mass transfer

Aging characteristics: None

Remarks: Corrosion in fuel 107 progresses from surfoce pits to subsurface voids as chromium content of

alloy is increased; pickup of chromium in fuel also increases with increasing chromium content

of alloy

Table 3.3.3. Properties of Nickel'Molybdenum Alloy INOR·3

Mo Ti AI C Ni

Composition, wt %: 15-16

Number of heats: 5

Number of compositions: 2

1.5 0.5-1.0 0.6 Bol

Fabricability: Mare difficult to fabricate than Inconel; sensitive to changes in forging temperature and reduc­

tion schedule

Oxidation resistance: Inadequate; oxide scale spalls on cooling

Joining: Not brozoble in dry hydrogen; weldability similar to that of Inconel X

Stress-rupture: 1000·hr rupture strength at 1500 0 F about SOOO psi (extrapolated)

Corrosion: In fuel 107 for 500 hr at 1500 0 F, 1 mil of penetration consisting of heavy pits and subsurface voids,

with metal deposits in the cald leg

Aging characteristics: Solution-annealed samples show aging tendencies during stress-rupture tests at 1500 o F;

no response observed when annealed at 19000 F and aged at 13000 F

Remarks: Stress-rupture ductility improved by vacuum melting
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Table 3.3.4. Properties of Nickel-Molybdenum Alloy INOR-4

Mo

Composition, wt %: 16

Number of heots: 4

Ti

1.5

AI

2.0

C

0.06

Ni

Bal

Fabricability: Vocuum melts similor to INOR·3; air melts more difficult

Oxidation resistance: Inadequate; oxide scale spalls on cooling

Joining: Not brozable in dry hydrogen; weldability equivalent to that of Inconel X

Stress-rupture: 1000-hr rupture strength at 15000 F about 5500 psi (extrapolated); ductility generally less than

5%

Corrosion: In fuel 107 for 500 hr at l500o F. 3 mi Is, accompanied by heavy pits and subsurface voids to a depth

of 2 mils

AGing characteristics: Age hardens at 13000 F, but over-ages at 1500 0 F; ductility about 2% when tested

at l300 0 F

Remarks: Adverse properties in all categories

Table 3.3.5. Properties af Nickel-Molybdenum Alloy IHOR-S

Mo

Cumposition, wt %: 15-16

Number of heats: 7

Number of compositions: 5

Nb

2-3

W

2-3

C

0.06-0.25

Other

0.5 AI, 0.5 Mn

Ni

Bal

--.

Fabricability: More difficult to fabricate than Inconel; carbon content greater than 0.10% not recommended

Oxidation resistance: Inadequate; oxide scale spalls on cooling; oxidation rate higher than that of other alloys

because of tungsten content

Joining: Brazable by conventional techniques; weldobility equivalent to that of Inconel X

Stress-rupture: 1000-hr rupture strength at 1500Q F about 6000 psi (extrapolated)

Corrosion: In fuel 107 for 500 hr at 15000 F, no opparent corrosion

In sodium for 1000 hr at 1500o F. 1.5 mils, with subsurface voids and slight mass transfer

Aging characteristics: None

Remarks: Stress-rupture strength influenced by heat treatment; variations in carbon content affect fabricability

and strength; 1400 ppm of tungsten picked up in fuel during corrosian test
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Table 3.3.6. Properties af Nickel-Molybdenum Alloy INOR-6

Mo

Composition, wt %: 16

Number of heots: 4

Number of compositions:

Cr

5

Ti

1.5

AI

1.0

Other

0.02-0.06 C, 0.5 Mn

Ni

Bal

Fa brico bi Iity: Qu ite d iffi cu It to fa br icote but eo s ier than Ha s te" oy B

Oxidation resistance: Marginal; oxide scale slightly unstable during cycling

Joining: Not brazable in dry hydrogen; weldability equivalent to that of Inconel X

Stress-rupture: 1000-hr rupture strength at 1500 0 F about 6000 psi (extrapolated)

Corrosion: In fuel 107 for 500 hr at 1500o F, heavy subsurface voids and pits to a depth of 2 mils

In sodium for 1000 hr at lS00oF, heavy subsurface vaids and pits to a depth af 1 mil, mass-transfer

de pas its in cold leg

Aging characteristics: Slight age hardening at 13000 Fi none observed at 1500 0 F

Remarks: Air melts difficult to fabricate

Table 3.3.7. Properties of Nickel-Molybdenum Alloy INOR-7

Mo

Composition, wt %: 17-20

Number of heats: 4

Nb

1-2

AI

1.0

Cr

6.7

Other

0.06-0.12 C, 0.5-0.8 Mn

Ni

Bal

..

Number of compositions: 3

Fabricability: Similar to that of Hastelloy B

Oxidation resistance: Equivalent to that of Inconel

Joining: Not brazable in dry hydrogen; weldability poor for compositions containing the upper limits of the

quontities shown above

Stress-rupture: 1000-hr rupture strength at 15000 F about 8000 psi

Corrosion: In fuel 107 for 500 hr ot 1500o F, heavy subsurface voids and pits to a depth of 2 mi Is

Aging characteristics: Insufficient dota

Remarks: Properties sensitive to small changes in molybdenum and aluminum content, high-carbon alloys not

amenoble to tube reducing; 755 ppm of chromium and 4000 ppm of aluminum picked up in fuel during

corros ion tes t

181



ANP PROJECT PROGRESS REPORT

Table 3.3.8. Properties of Nickel·Molybdenum Alloy INOR·8

Mo

Composition, wt %: 10-24

Number of heats: 25

Number of compositions: 18

Cr

3-10

Fe

4-10

Other

0.06 C, 0.5 AI, 0.5 Mn

Ni

Bol

Fabricability: Ranges from that of Inconel to that of Hastelloy B, depending on additives

Oxidation res istance: Satisfactory when chromium content is greater than 6%

Joining: Brazable by conventional methods; weldability between that of Inconel and that of Hastelloy B

Stress-rupture: 1000-hr rupture strength at 1500 0 F about 7000 to 8000 psi

Corrosion: In fuel 30 for 1000 hr at 1500o F, 1 mil of subsurface voids

In fuel 107 for 1000 hr at 1500 o F, 0.5 to 2 mils of subsurface voids

In sodium for 1000 hr at 1500o F, 1 mil of corrosion and mass-transfer deposits

Aging characteristics: Alloys that contain less than 20% molybdenum show no response to aging

Remarks: Wide range of strengths possible without detracting from other favorable properties

Eighteen compositions, approximately 3~ Ib
each, were melted under vacuum and cast in
graphite. Aluminum, manganese, and carbon were
added to each charge, primarily for deoxidation of
the melt. Each ingot was rolled to 0.06S-in ••thick
strip from which two ll-in •• long creep specimens
were prepared. The remainder of the material was

rolled to 0.040-in.-thick strip from which die-cut
tensile specimens will be blanked.

Stress-rupture data were obtained for six of the
alloys in the solution-annealed condition at a

Properties of Alloy INOR·8

It appears at th is time that the alloy INOR-8,
which has as its basis the Ni-Mo-Cr·Fe system,
will offer the best compromise for meeting the
requirements of a container material for fused
fluorides. In order to investigate the mechanical
properties developed in alloys in this system, as
well as the mechanical property trends that result
from changes in the total alloy content, the tensile
and stress-rupture properties of a series of alloys,
included within the composition limits described
below, are being determined:

Molybdenum levels

Chromium levels

Iron levels

Other

Nickel

10, 15, and 20 wt %

5, 7, and 10 wt %

4 and 10 wt %

0.5 wt % AI, 0.5 wt % Mn,

0.06 wt % C

Balance

stress of 10,000 psi and a temperature of lS00°F
in argon. The results are presented in Table 3.3.9.
Although the stress-rupture properties do not follow
the antici pated trends, the alloys are stronger than
Inconel at this stress level and approach the
strength of type 316 stainless steel.

A forced-circulation loop is to be fabricated from
an INOR-8 alloy containing 17% Mo-lO% Cr-7%
Fe-0.06% C-bal Ni in which NaF-KF-LiF-UF 4

(11.2-41-4S.3-2.5 mole %, fuel 107) will be circu­
lated. Therefore two 3.S-lb ingots with the same
nominal composition, alloys VT-51 and VT-S2, were
cast for preparing stress-rupture specimens for
testing in fuel 107. One melt, VT-S1, was prepared
from elemental stock, and the other, VT.S2, from
Inconel diluted with Ni, Mo, and Fe. Actual
analyses of these two alloys showed the molybde­
num content to be approximately 19.5%; however,
the composition is still bracketed by the limits
described for the study of the INOR-8 alloy system.
Both these alloys had 1000-hr rupture strengths of
8000 psi at lS00°F in fue I 107. Metallographic
studies of alloys VT-Sl, VT-43 (10% Mo-S% Cr-4%
Fe-0.06% C-bal Ni), and VT-49 (lS% Mo-7%
Cr-4% Fe-0.06% C-bal Ni) indicated that VT-Sl
responded to aging at 1300 and 1500°F and thus
had higher strength than alloys VT·43 and VT-49,
which did not show this gross aging response. It
therefore appears that higher strengths can be
achieved in the Ni-Mo-Cr-Fe system by raising the
quantities of the elements added to the nickel.
Further eval uat ion stud ies of the alloys prepared

•
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Table 3.3.9. Stress.Rupture Data for INOR·8 Alloys Based on the Ni.Mo·Cr·Fe System

Stress: 10,000 psi

Temperature: 1S00oF

Environment: Argon

Rupture Li fe EI ongo tion
Alloy No. Nominal Composition (wt %) (hr) (%)

VT·43 10 Mo-S Cr-4 Fe-O.S AI-O.S Mn-O.06 C-bal Ni 234 32

VT·44 10 Mo-S Cr-l0 Fe-O.S AI-O.S Mn-0.06 C-bal Ni 1S2 21

10 Mo-7 Cr-4 Fe-O.S AI-O.S Mn-0.06 C-bal Ni 8S 11VT·47

VT·48 10 Mo-7 Cr-l0 Fe-O.S AI-O.S Mn-0.06 C-bal Ni 106 16

VT·4S 1S Mo-S Cr-4 Fe-O.S AI-O.S Mn-0.06 C-bal Ni 192 16

VT·46 1S Mo-S Cr-l0 Fe-O.S AI-O.S Mn-O.06 C-bal Ni lS2 24

in the INOR-8 system are to be carried out with
particular attention to the stress-rupture properties
and aging characteristics of the materials.

Properties of Alloy INOR·9

Compositions designated INOR.9 are prepared by
adding Nb, V, or Fe plus C to the basic Ni-Mo
compos ition. Certain elements, namely, Cr, AI, Ti,
and Ware excluded because of their corrosion
tenden~ies in fuel 107. Previous studies of the
oxidation characteristics of nickel-molybdenum
alloys showed that stable oxide scales were formed
when the molybdenum content was lower than 15%.
The strengths of the solid.solution alloys of nickel
and molybdenum show strong dependence on the
molybdenum content, and thus support is given to
the theory that solid.solution strengthening is
dependent upon the extent of alloying.! In order to
maintain the molybdenum level as low as possible

for oxidation resistance and yet to have the highly
alloyed composition needed for strength, niobium
additions are being made to the nickel-molybdenum
base alloy. The compositions which exhibit maxi­
mum solid solubility are being determined, and their
oxidation characteristics in the temperature range
of interest are being studied. For practical reasons
the alloys contain iron, which is derived from the
ferroniobium melting stock. The compositions and
the properties of the alloys being studied are given
in Table 3.3.10.

! As used here, • 'extent of alloying" refers to t~e
kinds and quantities of elements added to the basIc
nickel'molybdenum alloy.

Fabrication of ORNL Experimental Alloys

Three experimental compositions were extruded
to tube blanks which are presently being processed
into seamless tubing at the Superior Tube Co. for
fabrication of forced-circulation loops which will
be operated with fuel 107. Six tube blanks of each
compos ition were fabricated, without difficulty,
at a temperature of 2150°F and an extrusion ratio
of 7: 1. The compositions which have been ex­
truded are descri bed in Tabl e 3.3.11. In view of
the time delay anticipated in the fabrication of
tubing from the INOR·8 alloys, two laboratory heats
of the composition 15% Mo-6% Cr-5% Fe-0.5%
Mn-0.5% AI-0.06% C-bal Ni were cast, and suf­
ficient tubing is to be prepared for fabrication of
an additional forced.circulation loop, which will
also be operated with fuel 107.

Production of Commercial-Size Heats of
Nickel-Molybdenum Alloys

The various products which were fabricated from
the bi lIet material obtained from the six 4800-lb
heats of nickel.molybdenum base alloys designated
as INOR-1 through ·6 were received from the
International Nickel Company. The compositions
of these alloys and a complete materials inventory
were presented previously.2 Only a small quantity
of usable material of the composition INOR-4
(77.83% Ni-16.9% Mo-l.96% AI-1.68% Ti + re­
siduals) remained after ingot breakdown, and it was

2H• Inouye and T. K. Roche, ANP Quar. Prog. Rep.
Dec. 31, 1956, ORNL·2221, p lOS.
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Table 3.3.10. Some Properties of Ni-Mo·Nb·Fe Alloys

Nominal Composition (wt %) Forgeabi Iitya Oxide Stabilityb Phases C

101.10-5 Nb-4 Fe-bal Ni Forgeable Stable Single

101.10-7.5 Nb-6 Fe-bal Ni Forgeable Not yet tested Not yet tested

101.10-10 Nb-8 Fe-bal Ni Unforgeable Stable Multiphase

12.5 Mo-5 Nb-4 Fe-bal Ni Forgeable Not yet tested Not yet tested

12.5 Mo-7.5 Nb-6 Fe-bal Ni Forgeable Stable Multiphase

12.51.10-10 Nb-B Fe-bal Ni Unfargea bl e Stable Multiphase

151.10-5 Nb-4 Fe-hal Nl Forgeable Not yet tested Not yet tested

151.10-7.5 Nb-6 Fe-bal Ni Forgeable Stable Multiphase

15Mo-1O Nb-B Fe-bal Ni Unforgeabl e Stable Multiphose

17 1.10-3 Nb-bal Ni Forgeable Spoils Single

17 1.10-5 Nb-bal Ni Forgeable Spoils Single

171.10-5 Nb-4 Fe-bal Ni Forgeable Not yet tested Not yet tested

aCasl arc mells rolled 01 2100 o F; cold rolled to 0.065 in. thick.

bSpecimens exposed in air for 16B hr at 1650 o F.

cAnnealed and aged 100 hr at 1300o F.

Table 3.3.11. ORNL Alloys Extruded to Tube Blanks

requested that Y2-in.-thick plate and O.06S-in.-thick
strip be rolled from this stock. The plate and sheet
r~ceived wereof poor quality,with numerous surface
cracks on the pieces. Thirty-four feet of 3- by
3-in. billet material of the alloy INOR·6 (74% Ni­
16% Mo-5.3% Cr-l.lS% AI-1.69% Ti + residuals)
was to have been used for fabricating plate, sheet,
wire, and bar stock, but this material was scrapped
during subsequent billet processing. The report
on this difficulty has not yet been received. The
alloys INOR·2 (76.7% Ni-16.1% Mo-S.28% Cr +
residuals) and INOR·S (78.6% Ni-13.1% Mo-2.69%
W-2.15% Nb-O.10% C + residuals) were fabricated
successfully.

Alloy No.

30-46 ond 30-47

30.48 and 30-49

30.50 and 30-51

Nominal Composition (wt %)

171.10-10 Cr-7 Fe-0.5 AI­

0.5 Mn~.06 C-bal Ni

17 1.10-7 Fe~.S AI-O.S Mn­

0.06 C-bal Ni

171.10-10 Cr-0.5 AI-0.5 Mn­

0.06 C-bal Ni

All the products received to date are listed in
Table 3.3.12. The plate and wire are being used
for weldabi lity studies, and the O.06S.in.-thick
strip is being used to evaluate mechanical
properties.

Eight 9-in.-dia, 12.in •• long billets, two each of
INOR-1, -2, and -5 and one each of INOR·3 and
·6, were extruded to 3~.in ••OD, O.SOD-in.·wall tube
shells at the International Nickel Company in
August 1956. These shells, together with one
Hastelloy Wand three Hastelloy B tube shells,
which were extruded in March 1956, are presently
being reduced to 2.in.-OD, D.187-in.-wall tube
blanks. The bl anks are schedu led for de Iivery to
the Superior Tube Co. in March 19S7, where they
will be processed to small·diameter seamless
tubing. A summary of the fabricability of the alloys
INOR·1 through ·6 is presented in Table 3.3.13.

The contract with the Westinghouse Electric
Corporation covering the melting, casting, and
fabrication of large pi lot heats of nickel-molybde­
num base alloys at their Blairsville, Pennsylvania,
metals plant has been signed, and work is to begin
immediately. Although two compositions were
originally specified for scaling up to semiproduction
quantities, only the alloy INOR·8 will be melted
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Table 3.3.12. Products Fabricated from 4800·lb Heats .of INOR Alloys Produced by Internotional Nickel Company

Heat No. Alloy Type Quantity Size Remarks

~'in••Thick Plate - Hot Rolled

Y-8195 INOR·1 8 pieces 6 X 12 in. Slight crocks on surface

Y-8197 INOR-2 7 pieces 3 X 12 in.

Y.8196 INOR-3 8 pieces 6 X 12 in.

Y-8198 INOR-4 8 pieces 3 X 12 in. Surface and edge crocks

Y-8200 INOR-5 8 pieces 3 X 12 in.

Weld Wire - Cold Drawn

Y-8195 INOR-1 6 Ib %' d'S ,n. 'a

Y-8197 INOR·2 9 Ib %' d'Sin. 10

Y-8196 INOR-3 8 Ib %' d' Seam along lengthS In. ,a

Y-8200 INOR-5 8 Ib %' d'S ,n. ,a

Y-819S INOR·1 6 Ib 3 in. dia~2

Y·8197 INOR-2 10Ib 3 in. dio~2

." Y-8196 INOR-3 6 Ib 3 in. dia~2

Y·8200 INOR·S 9 Ib 3 in. dio~2

2'lS·in••dia Forgings

Y-819 5 fNOR.1 1 piece 54 in. long Crack at one end

Y-8197 INOR·2 piece 36 in. long

Y·8196 INOR·3 piece 48 in. long

Y.8200 INOR-S 1 piece 44 in. long

0.06S.in.·Thick Strip - Cold Rolled

Y·819 5 (NOR·I 25 pieces 6 X 12 in.

Y·8197 INOR·2 33 pieces 3 X 12 in.

Y-8196 INOR·3 17 pieces 6 X 12 in.

Y-8198 INOR-4 21 pieces 3 X 12 in. Surface cracks

Y·8200 INOR-S 36 pieces 3 X 12 in.
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Table 3.3.13. Fabricability of 4800-lb Heats of

Nickel-Molybdenum Alloys

Fabricabil ity Characteristics
Alloy

Wire
Designation Forging Rolling Extrus ion

Drawing

INOR·1 Fair Fair Good Good

INOR·2 Good Good Good Good

INOR·3 Fair Fa ir Good Fa ir

INOR-4* Poor Poor

INOR-5 Good Good Good Good

INOR·6** Fair Good

*Alloy INOR-4became 95% scrap during initial forging
of the ingot.

**The billet material fabricated from alloy INOR-6 be·
came scrap Juring subsequent processing.

at present. The composition of alloy INOR-8 has
been altered slightly from that given in the contract,
and the nominal composition (in wt %) is now the
following:

Molybdenum 15-17

Iron 4-5

Chromium 6-8

Carbon 0.04-0.08

Manganese 0.8 (max)

Silicon 0.5 (max)

Nickel Balance

The average molybdenum content was raised from
13.5 to 16%, and the average chromium level was
increased from 6 to 7%. Before the al loy is pre­
pared, detai Is of the melting practices used by the
International Nickel Company on the 4800-lb heats
of alloys INOR-1 through -6 and by Battelle Memorial
Insti tute on simi lar ni cke I-molybdenum alloys will
be made available to Westinghouse. These melting
practices wi II be compared with those used at
Westinghouse in order to determine the best melting
procedure.

Initially, one 3600-lb heat will be prepared for
casting twa ingots of approximately 1100 Ib and
four ingots of approximately 250 lb. Preliminary
forging studies will be carried out on the smaller
ingots in order to establish the hot-working temper­
ature range of the alloy. Priority wi II be given to
the fabrication of a 3-in.-dia, 6-ft forging which
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can be further processed, on a laboratory scale, to

tube blanks and mechanical property test specimen

blanks.
Melting of the second composition specified in

the contract, INOR-7, has been postponed because
of the detrimental effect its aluminum content

would have on its corrosion resistance in fused
fluorides. It is believed that an alloy based upon

the Ni-Mo-Nb system, the Ni-Mo-Cr-Nb system, or
the Ni-Mo-Cr-Fe system with higher total al/oy
content than that of the INOR-8 composition can
be specified in the near future to replace the INOR­
7 composition.

Phase Diagram Studies at the University of
Tennessee

The present status of the phase diagram studies
being performed at the University of Tennessee
under Subcontract 582 is summarized here. A
previous report 3 described the studies of nickel.
base alloys containing 20 to 30% molybdenum. In
this work, metal/ographic and x-ray examinations,
hardness tests, and other techniques are being
used to establish phase relationships and charac­
teristic phase transformations which relate to the

mechanical properties of nickel-rich alloys con­
taining molybdenum and molybdenum plus chromium.

In the binary system, Ni-Mo, the three secondary
phases previously reported in the literature were
identified, although only the crystal structure of
the beta phase was confirmed. The temperatures
at which the beta and gamma phases decompose on
heating were found to be higher than those reported
in recent Iiterature and are at present bei ng con­
sidered to be 868 and approximately 925°C, re­
spectively. A simple ordering mechanism for the
formation of the beta phase from the alpha phase
was worked out that yielded a structure from which
the observed x-ray data could be derived. Pre­
cipitation of beta and gamma material from the
alpha phase increased the hardness of the alloy to

450 DPH, with little if any decrease in hardness
after aging for periods of up to 2000 hr.

Nickel-rich nickel-molybdenum alloys with ad·
ditions of chromium in the range of 4 to 14% were

also studied. A chromium content of up to 5%
does not appear to alter the total solubility of the

3D• W. Stoffel and E. E. Stansbury, A Metal/agraphic
and X-Ray Study 01 Nickel Alloys 01 20·-30 Per Cent
Molybdenum, AECU·3105 (Dec. 1955).

.-
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Table 3.3.14. Battelle Alloys Scheduled for Forced­

Circulation Loop Studies with Fuel 107

Table 3.3.15. Alloys Prepared by Battelle for

Evaluation of Fabricability, Heat Treatment

Weldabi lity, and Stress-Rupture Properties

this time. ORNL has received 12 billets of each
of these two compositions which will be extruded
to tube blanks and further processed to 0.380-in ••
00, O.065-in.·wall tubing at the Superior Tube
Co. This should provide sufficient tubing for two
forced-circulation loops of each of the two alloys.

In addition to the alloys which have been pre·
pared for loop studies, Battelle has cast 100-lb
heats of the six compositions shown in Table
3.3.15, which will be evaluated for fabricability,
heat treatment, weldability, and stress-rupture
properties. An evaluation of these alloys, as well
as the alloys scheduled for forced-circulation loop

studies, should provide additional data for de·
termining the effect of aluminum and chromium on
the properties of nickel-molybdenum alloys.

..

Of.

..
r'

alloying elements in nickel, whereas larger amounts
of chromium seem to permit an increase in the total
solubility. Additions of chromium quickly restrict
the formation of beta material, and systems that
precipitate gamma and then delta phases develop.
There is evidence of an additional phase in the
higher.chromium-content alloys which has not yet
been identified.

Alloy Development at Battelle Memorial Institute

Work on the nickel.molybdenum alloy development

program being conducted by Battelle Memorial
Institute under Subcontract 979 continued along the
Iines described previously.4,5 ORNL has assisted

Battelle in their program by determining the stress·
rupture properties of selected alloys in the fuel

mixture NaF-KF-Li F-UF 4 (11.2·41·45.3·2.5 mole
%, fuel 107) and by extruding numerous tube blanks
of their alloys for corrosion evaluation. From the
tubing successfully fabricated to date, ORNL has
operated thermal-convection loops with both fuel
107 and sodium. Emphasis is now being placed on
the fabrication of tube blanks of alloys selected
for forced-circulation loop tests with fuel 107 to be
performed at Battelle.

Four tube blanks of each of the Battelle alloys
B-3404, 8-3407, B-3412, and B·3418, described
previou s Iy, 6 were extruded and sent to the Superi or
Tube Co. for redrawing to small·diameter tubing.
However, all the blanks failed on the tube reducer
and thus substantiated earlier evidence that alloys
with 0.12% carbon are not amenable to tube.reducing
operations. At the recommendation of Superior Tube
Co., Battelle has di scarded the high-carbon heats
and has melted alloys wi th a lower carbon level.
The compositions of the new alloys are listed in
Table 3.3.14. Battelle has prepared a sufficient
number of extrus ion bi Ilets of these alloys for
fabricating the necessary tubing to operate a total
of 16 forced-circulation loops with fuel 107, but
only alloys B·3870 and 8-3871 are to be used at

4 E• M. Simons, Agenda for ANP Meeting at Battelle,
April 16-17. 1956, ORNL CF·56-4-156 (April 16, 1956).

SE. M. Simons, Semi-Annual ANP Meeting, Battelle
Memorial Institute - October 31-November I, 1956,
ORNL CF-56-11-15 (Nov. 2, 1956).

6 H• Inouye and T. K. Roche, ANP Quar. Prog. RepJ
Dec. 31. 1956, ORNL-2221, p 203.

Alloy

No.

6-3870

6-3871

6-3872

6-3873

Alloy

No.

6-3874

6-3875

6-3876

6-3877

8-3878

6-3879

Nominal Composition (wt %)

19 Mo-7 Cr-2 AI-0.02 C-bal Ni

19 Mo-7 Cr-1 AI-2 Nb-lo4 Fe-0.02 C­

bal Ni

19 Mo-2 AI-1 Nb-0.07 Fe-0.02 C-bal Ni

19 Mo-2 Nb-lo4 Fe-0.02 C-bal Ni

Nominal Composition (wt %)

19 Mo-LS AI-1 Nb-0.7 Fe-0.06 C-bal Ni

19 Mo-7 Cr-lo5 AI-1 Nb-0.7 Fe-O.06 C­

bal Ni

19 Mo-2 AI-1 Nb-0.7 Fe-0.06 C-bal Ni

19 Mo-7 Cr-2 AI-1 Nb-O.7 Fe-0.06 C­

bal Ni

19 Mo-LS AI-1 Nb-4 Fe-0.06 C-bal Ni

19 Mo-7 Cr-lo5 AI-1 Nb-4 Fe-0.06 C­

bal Ni
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FABRICATION OF COMPOSITE TUBING AT

SUPERIOR TUBE CO.7

H. Inouye T. K. Roche

The corrosion resistance of the nickel-molybde­
num alloys to attack by sodium is about equal to
that of Ineon el. Thus it appears that temperature­
gradient mass transfer is an inherent characteristic
of nickel-base alloys and that it increases in
severity with increasing temperatures. Since the
nickel-molybdenum alloys are being developed for
use at higher temperatures than those contemplated
for Illconel, the use of composite tubing may be
desirable or even mandatory.

The fabrication of composite tubing by coextrusion
has been shown experimentally to be entirely
feasible. 8 On the basis of this experimental work
a considerable quantity of duplex tubing was pre­
pared by commercial practice at the International
Nickel Company and the Superior Tube Co. without
apparent difficu Ity. In this production run,9-in.-dia
composite billets were coextruded to produce 3-in.­
00 tube shells having a wall thickness composed
of 60% lnconel over 40% type 316 stainless steel.
The tube shells were tube-reduced to 2-in.-OD,
0.187-in.-wall tubing by the International Nickel
Company and then tube-reduced again and redrawn
to small-diameter tubing by the Superior Tube Co.
An evaluation of tubing thus produced is presented
in Tables 3.3.16 and 3.3.17. The results clearly
ind icate that layer th icknesses can be hel d to
within 2% of those intended, and that, in general,
the defects found by inspection are those normally
associated with conventional tubing. The trans­
verse sections of this tubing shown in Figs. 3.3.2
and 3.3.3 illustrate the uniformity of the layers and
the metallurgical bond at the interface of the
fin ished tube.

Terminal Report No. 1633, Subcontract 531, which
was submitted by the Superior Tube Co., summarizes
this work with the following conclusions: (1) The
condition of the as-received 2-in.-OD, 0.187-in.­
wall composite tube shells was excellent and equal
to that which has been furnished to the CX-900
Inconel specifications. (2) The composite tubing
was processed without difficulty by using con­
ventional tubing processes. (3) The ratio of wall

7Subcontroct 531.

8M. R. D' Amore and H. Inouye, The Extrusion 0/
Composite Tubes, ORNL CF-56-4-123 (April 18, 1956).
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thicknesses was maintained essentially as it
existed in the as-received tube shells. (4) Over­
all yields were excellent. (5) Additional orders for
this type of composite tubing may properly be
processed by production schedules.

SHIELD PLUGS FOR ART PUMPS

J. P. Page

Two full-sized gamma-ray shielding plugs for
ART fuel pumps were prepared. The plugs are
composed of· 75 wt % tungsten carbide and 25 wt %
Hastelloy C. The first plug was hot pressed in a
large horizontal press, and the die material was
CS-312 graph ite rather than the AGH T-grade previ­
ously used. The die fractured at about 1800 psi
and caused lateral expansion of the pressed plug
and the die parts.

A vertical hot-pressing facility was adapted for
pressing the second plug, and a die identical to
the first one was used. Even though the pressure
was limited to 1600 psi, this die also failed at the
end of the pressing cycle, and some lateral ex­
pansion occurred. However, the pressed plug had a
uniform density of 12.1 g/cm 3 •

These plugs wi II be surface ground on one end
face and used for brazing and thermal-shock tests.
A new graphite die has been designed and ordered
for wh ich the d imen s ion s are su ch that the hot­
pressed plug will require little or no grinding on the
inner or outer surfaces. This die was made some­
what stronger by increasing the outside diameter
and el iminating the s1 ght hole.

Neutron shielding di sks have been cut from
Allegheny Ludlum stainless-steel-clad Cu-B

4
C

sheet material. These are ready for insertion into
the plug assembly.

NEUTRON SHIELD MATERIAL

M. R. D'Amore 9

The Allegheny Lud lum Steel Corp. continued to
experience difficulty in preparing the stainless­
steel-clad Cu-B 4 C shield material. Of a total of
17 experimental composite packs rolled during
October and November, none yielded more than
40% usable stock. At the suggestion of ORNL, the
sintering temperature for the Cu-B

4
C cores was

increased, and the frames for the composite packs
were redesigned. Since then an additional 15

9 0n assignment from Pratt & Whitney Aircraft.

.-
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Table 3.3.16. Metallographic Evaluation of Inconel-clad Type 316 Stainless Steel Tubing

Nominal Tube Wall Thickness (mils)
Dimensions Inconel

Outside Wall
Specimen Specimen Type 316

Inconel Composite (Average Percentage
No. Position Stainless Steel

Diameter Thickness
Av*

of Composite)**

(in.) (in.)
Av* Max Min Max Min Av* Max Min

0.500 0.047 1 Transverse 17.5 18 17 29 29 29 46.5 47 46 62.1

2 Transverse 17.5 18 17 28.5 30 27 46 48 44 61.9

3 Transverse 17.6 18 17 29.1 30 28 46.7 47 46 62.3

4 Transverse 17.9 19.5 17 27.9 29 26 45.8 48 45 60.9

5 Transverse 17.9 18.5 17 27.9 30 26.5 45.8 47 45 60.9

6 Transverse 17.3 18 17 29.3 30 29 46.5 48 46 62.9

7 Longi tudinal 18 18 18 27.5 29 26 45.5 44 47 61

8 Longitudinal 18.1 19 17.5 27.1 28 26 45.3 47 44 60

0.250 0.025 9 Tronsverse 10 10.5 9.5 16.3 17 15.5 26.2 26 27 62.3

10 Transverse 10.5 11 9 15.6 16 15 25.8 26 25 58.2

11 Transverse 10.2 11 10 15.5 16 15 25.8 26 25 60.1

* Average of measurements at four locations.

Il'*Specjficotion, 60% Inconel; v~lues given are averages of values at four locations.

Table 3.3.17. Nondestructive Inspection of Inconel-c1ad Type 316 Stainless Steel and

Inconel-c1ad Type 310 Stainless Steel Tubing

......
Inspection Method

Resonance-type ultrasound

Immersed pulse-echo ultrasound

Encircling-coil eddy current

Postemulsification fluorescent penetrant

Rod iography

Results

No maior un bonded areas disclosed in any of the tubing; non bonded

areas 0.060 in. thick and ~ in. long can be detected by this method

A few crocklike indications

No detrimental conditions within the tubing

A few small pin-hole or pitlike indications

Several pin holes and longitudinal indications, believed to be shallow

•,

pocks have been rolled with considerable success;
the last six composites rolled yielded virtually
100% usable material.

TUBULAR CONTROL RODS

M. R. D'Amore

The feasibility study of extrusion of control rods
was continued. Previous studies indicated that
cracking of the cermet core (30 wt % Lindsay oxide­
70 wt % Ni) in extruded three-ply tubes may have
been caused by thermal stresses between the core
and Hastelloy X cladding. Therefore the cladding
mater ia I for the tube-extrus ion studies has been
changed to lnconel, which has a thermal expansion

nearly equal to that of the cermet core material.
The dispersion of fine particles of Lindsay oxide.
wh ich form a nearly continuous network in fabricated
cores, may al so contri bute to the poor ducti Iities
observed in tensi Ie specimens and in extruded
three-ply tubes. 10

The major effort has been directed toward the
production of strong, high-density 44- to 105-/1
particles of Lindsay oxide. The procedure de­
veloped for obtaining the desired particles con­
sists of the following: first, the as-received

10M• R. D' Amore, ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL·2221, p 210.
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UNCLASSIFIED

Fig. 3.3.2. Transverse Section of Composite Tubing,

Inconel-c1ad Type 316 Stain less Steel. Elchanl:

50% HCI + 10% solution of Cr03 . 7X. Reduced 32%.

powders are compacted in a steel die at 4 tsi;
second, the compacts are fired at 1900 to 2000°C
in a hydrogen atmosphere; and, finally, the fired

compacts are crushed and ground in a micropulver­
izer to obtain the desired particle size.

A core that was to be clad and extruded was hot
pressed to an apparent density of 91% of theo­
retical by using oxide of the 44. to 105-/1 particle
size range. This core was assembled into a five­
ply bi Ilet, with Inconel cladding and mi Id steel
cans both inside and out. This billet is now ready
to be extruded. Two additional billets have been
prepared for extrusion of rods for preparing tensile
specimens of the cermet.

EVALUATION OF ARC·CAST AND

POWDER·METALLURGY NIOBIUM

J. P. Page

The collection of usable mechanical property
data for arc-cast and powder-metallurgy niobium
at both lowandhigh temperatures requires knowledge
and control of the grain structure of all test speci­
mens, and therefore the recrystallization process
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Fig. 3.3.3. Metallurgical Bond at Interface of Composite Tubing, Inconel·clad Type 316 Stainless Steel.

Etchant: glyceria regia. 75X.
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Fig. 3.3.5. Powder-Metallurgy Niobium. As polished.
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is being studied. A knowledge of recovery and
recrystall ization kinetics can be obtained from a
small amount of material by metallographic and
x-ray techniques and thus sufficient material from
the specimen remains for further comprehensive
testin g.

The chemical compositions of arc-cast and
powder-metallurgy niobium are quite similar. The
microstructures of the two materials, however,
differ greatly, as shown in Figs. 3.3.4 and 3.3.5.
The inclusions shown are probably niobium car­
bides. The effect of the prior fabrication history on

the recrystallization characteristics can be seen
in Figs. 3.3.6 and 3.3.7. These photomicrographs
indicate that, as woo Id be expected, the arc-cast
material has'a tendency to coalesce and form
large-grained structures.

The first phase of the recrystallization study is
essentially complete. The objectives of this phase
were to form controlled, fine-grained microstructures
in both materials and thereby minimize the effects
of grain size on subsequent recrystallization
behavior, to determine the range of recrystallization
temperatures for the materials, and to determine
the effects of various anneal ing atmospheres on
niobium. Quantitative recrystallization studies will
be carried out on the fine-grained material over a
wide range of temperatures and test periods. The
present information indicates that the recrystal­
lization range for anneal ing times of up to 1 hr
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Fig. 3.3.4. Arc-Cost Niob ium. As-pol i shed. lOOX.

Fig. 3.3.6. Arc-Cast Niobium Annealed 10 min at

1450oC. Etchant: 50 cm3 H20, 10 cm3 H2S04,

25 em3 HF, 5 em
3 HN03• lOOX.
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Capsule for In-Pile Tests

An active researc~ and development program on

hydrided metals was initiated, with one of the

first projects being fabrication of the capsule

shown in Fig. 3.3.8 for in-pile tests. The speci­

men consists of hydrided zirconium (N
H

= 3.5)

contained in a 0.025-in.-thick arc-cast 0.5% titanium­

molybdenum alloy capsule. The ends of the capsule

are ~ in. thick and the over-all dimensions are,

nominally, Y2 in. dia x 3 in. long. No protective

cladding was put over the molybdenum, because the

test wi II be made in a hel ium atmosphere.

The molybdenum capsu Ie was mach ined from ~­

in.-dia rod. A rod of reactor-grade zirconium wa
4
s

machined to 0.460 in. in diameter and 2.75 in. in

length and a ~.in.-dia hole drilled through it

lengthwise. This zirconium cylinder was iron­

plated to a thickness of 1.75 mils to aid in achieving

110 ' fn assIgnment rom Pratt & Whitney Aircraft.
12On assignment from USAF.

METAL HYDRIDES FOR USE AS MODERATORS

IN HIGH·TEMPERATURE REACTORS

R. A. Potter R. E. McDonald 11

T. Hikido 12

The real ization of the great potentia I improve­

ment in performance of circulating-fuel reactors

which is offered by the NaF-KF·LiF-base fuels

and the nickel-molybdenum alloys wi II depend to a

large extent on the development of an adequate

moderator for use at high temperatures. Of the

possible materials, BeO, beryll ium canned in

molybdenum, and the hydrided metals, the last

appear to offer the most promise. Research at the

General Electric Company and other organizations

has shown that certain metals, notably zirconium

and yttrium, are able to absorb and retain large

quantities of hydrogen at high temperatures and yet

retain their metallic characteristics. However, at

the temperature of interest for advanced reactors,
over 2000°F, yttrium is the only material known at

this time which offers promise of being satisfactory.

roll ing. AI so, the severe reduction I imi ts the

thickness of the material available for the recrystal­

lization study. Further work will be done with

lower reduction ratios and longer annealing times

in an attempt to develop a more randomly oriented

microstructure in a thicker material.

,',

".,,'
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I ies between 1100 and 1350oC, depend ing on the

amount of cold work to wh ich the material is

subjected.

Several techniques are being considered for

conducting the numerous annea I ing treatments

required. These include vacuum encapsulation

with and without the addition of getters, treatment

in dynam ic vacuums of vari ou s orders of magn itude,

and treatment in high·purity argon. Each of these

techniques has an advantage in certain conditions:

the argon atmosphere is recommended for short­

ti me, hi gh.temperature treatment, the dynQm ic

vacuum for intermediate temperature and times, and

the vacuum capsu Ie for extended ti mes at lower

temperatures. A quantitative survey of the effects

of time and temperature on the microhardness and

the lattice parameter of powder specimens is being

conducted for each environment.

Identical microstructures for powder-metallurgy

and arc·cast materials have been ach ieved. The

niobium specimens were severely worked (reduced

in thickness by 90%) and annealed for 1 hr at

1250°C in a dynamic vacuum of approximately 10- 6

mm Hg. The resultant material is very fine-grained,

but the grains show elongation in the direction of

.",:,' • I~ ~-

Fig. 3.3.7. Powder.Metallurgy Niobium Annealed

10 min at 1450oC. Etchant: 50 cm 3 H20, 10 cm3

H2 S0
4

, 25 cm3 HF, 5 cm 3 HN0 3, lOOX.
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Fig. 3.3.8. A Molybdenum-elod Hydrided-Zirconium Capsule Prepared for on In-Pile Test. (Secret with coption)

a bond to the molybdenum. The plated zirconium

was inserted into the molybdenum capsule and

hydrided in situ to an N H of 3.7, calcu lated on the

basis of weight gain. The \-in. hole was reamed

clean, and a zirconium rod was weighed and press­

fitted into the hole. The calculated N
H

after homo­

geneization of the rod is 3.5. A 1-mil iron-foil

disk was placed over the hydrided zirconium, and

the molybdenum end plug was inserted and copper­

brazed in place. After having been brazed, the

capsule was machined to size (0.025-in.-wall thick­

ness) and tested at 1650°F for 1 hr under a vacuum
of 3 x 10- 5 mm Hg. The weight loss of 4.2 mg

under these conditions was not considered to be

serious. After the capsu Ie was inspected by
radiography, SIX Chromel-Alumel thermocouples

were attached by spot-welding. The completed
assembly was heated in an argon atmosphere to

1650°F, cooled to approximately 800°F, reheated
to 1650o F, and cooled to room temperature. The

thermocouples rema ined securely attached after
th is treatment.

A second specimen was processed simultaneously
with the in-pile test capsule in order to provide a

control sample for examination. However, this

specimen was over-heated during the brazing

operation and is therefore not truly representative

of the in-pile test capsule. Metallographic exami­

nation of the control sample showed evidence of

the over-heating in the form of melting and de­

composition of the hydride at the brazed end of

the capsule. Although a tight fit was observed

between the hydrided zirconium and the molybdenum

in the other areas of the capsule, the metallurgical

bond was not uniform.

The in-pile test capsule was scheduled to go into
the MTR on February 18, 1957. The calculated

maximum operating temperature will be 1550 to

1600°F, and 100 thermal cycles will be imposed by

mavin g the test conta iner in and out of the reactor.

Hydriding Equipment

The hydriding was accomplished with a system

ba sed on the desi gn deve loped by the Genera I
Electric Company and Sylvania Electric Products,
Inc. On the whole, this system worked very well
on the in-pile test capsules and other small speci­

mens. However, during these initial operations
the need for several improvements became apparent,

and these are now being made. The modifications
include a better temperature control and recording

system, provisions for removing the retort from

the furnace to permi t rapi d cool ing from the hy­
driding temperature, and equipment to provide

hydrogen at a constant pressure or in measured
volumes. In addition, a furnace capable of attaining

the high temperatures required for hydriding yttrium

has been built and is now being checked.

Yttrium Metal Production

Research on hydrided yttrium is being seriously

hampered by the unavailability of the material.
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Although a considerable amount of work is being

done at the Ames Laboratory, Iowa State College,
to alleviate this shortage, it was deemed advisable
to produce some yttrium at ORNL. The avai lable
experience in fluoride technology was a major factor
influencing this decision, because the conversion

of Y203 to YF 3 is an important step in the process.
The purity of the fluoride controls the purity of the
final product to a large extent. Accordingly, 15 Ib
of Y203 was obtained and 1000 g was converted
to the fluoride. In the reduction process, which
was developed at the Ames Laboratory, the yttrium
fluoride wi II be reduced wi th a mixture of calcium,
magnesium, and calcium chloride. The yttrium­
magnesium-calcium alloy thus formed will be refined
by vacuum disti IIation to remove the magnesium
and the calcium. The resulting yttrium sponge wi II
then be vacuum melted.

Fabrication of the equipment for producing the
metal has been completed, and it is now being
assembled and checked. The entire process from
mixing of the starting material to the vacuum dis­
tillation of the alloy will be performed under a
vacuum or an inert-gas atmosphere. It is expected
that the first metal wi II be produced in March 1957.

194

Cladding Studies

The advanced reactor designs presently being

studied picture the hydride moderator as cylindrical
rods approximately 72 in. in diameter and 30 in. in
length. The hydride wi II be protected with a duplex
cladding of molybdenum and a nickel-molybdenum
alloy. The molybdenum is required for a hydrogen
diffusion barrier and for compatibility with yttrium.
Since the remainder of the fuel circuit will be
constructed of a nickel-molybdenum alloy, a similar
alloy must be put over the molybdenum to prevent
dissimilar metal corrosion attack.

Studies have been initiated to determine the
temperatures and amount of work required to achieve

a bond between molybdenum and a nickel-molybdenum
alloy. The test specimens consist of molybdenum
cylinders press-fitted into nickel-molybdenum alloy
tubes, which, in turn, are press-fitted into Inconel
tubes, evacuated, and sealed. In the first test,
the sealed capsule was heated to 1600°F and
reduced 10% by swaging. Metallographic exami­
nation showedthatonly partial bondingwasachieved
under these conditions. In the second test, a
palladium foil will be inserted between the molyb­
denum and the nickel-molybdenum alloy. Higher
temperatures, different amounts of work, and other
intermediate layers wi II be tested in the future.

•
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3.4. WELDING AND BRAZING INVESTIGATIONS

P. Patriarca

I

..

T

HEAT EXCHANGE R FABRICATION

ART Sodium-to-NaK Heat Exchangers

G. M. Slaughter

Braz ing procedures are be ing deve loped for use
in the fabrication of ART sodium-to-NaK heat
exchangers by the Griscom-Russell Co. Ex­
amination of a variety of tube-to-header samples
from several braz ing ex per iments performed at the
Griscom-Russell Co. has revealed inconsistent
flow and filleting. A typical example of this
condition on a tube-to-header joint is shown in
Fig. 3.4.1.

Attempts have been made at ORNL to duplicate
the difficulties experienced by the vendor and then
to alleviate them by suitable variations in brazing
procedure. For the initial tests, the vendor's
heating rate of approximately 100oF/hr was used.
Samples taken from a typical test assembly before
and after brazing at this rate of temperature rise
are shown in Figs. 3.4.2 and 3.4.3. The influence
of the following variables was studied in these
tests: (1) type of Coast Metals brazing alloy
No. 52 ring (ORNL cast ring vs York Corp. sintered
ring), (2) differences in Inconel base material
(ORNL headers vs Griscom-Russell headers),
(3) angle of countersink in headers, and (4) direct
impingement of hydrogen on samples vs sl ight
baffling. No significant differences in brazing
were noted as a result of these variances.

An analysis of all the experimental results
indicated that satisfactory brazing can be ac-
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Fig. 3.4.1. Tube-to-Heoder Joint Show ing Incomplete

Filleting.

compl ished at 19200 F if all variables such as
hydrogen purification, hydrogen flow rate, material
c lean Iiness, etc. are carefully controlled. How­
ever, only minor deviations from the optimum
conditions may result in inconsistent brazing at a
100°F/hr rate of temperature rise.

Additional experiments were then conducted at
200° F/hr and at 300° F/hr rates of temperature
rise. As can be seen in Figs. 3.4.4 and 3.4.5,
samples brazed at 3000 F/hr had satisfactory
fillets on all joints. With the faster heating rates,
it appeared that brazing could be conducted under
sl ightly relaxed conditions with a reasonable
assurance of success. The 3000 F/hr heating rate,
which should be readily attainable with most
industrial equipment, provides a high degree of
assurance of successful brazing.

Investigation of Rapid Heating Cycles

E. A. Franco-Ferreira

Tests were run to investigate the feasibility of
using very short heating cycles (of the order of
5 min) for the back brazing of heat-exchanger
tube-to-tube sheet joints. The experimental
procedure consisted essentially in heating the
welded side of a small Inconel tube sheet while
providing a vacuum or an inert atmosphere for
protection on the opposite side, which was to be
brazed. The heat source used in the experiments
was a salt-bath furnace.

It is felt thot certain advantages might accrue
from this method of brazing, such as minimization
of grain growth in the tubes and reduction of
tube-wall dilution, while avoiding distortion and
the jigging problems associated with conventional
furnace braz ing of ent ire as semb lie s. One of the
experimental configurations is shown in Figs.
3.4.6 and 3.4.7. A sect ion through a typica I joint
brazed by this method is shown in Fig. 3.4.8.

This method of brazing is not limited to the use
of a salt-bath furnace as a heat source. It is felt
that high-energy radiant heat sources based on
surface combustion units could also be used to
advantage. Although the experiments described
above were preliminary, the results do indicate the
feasibility of using rapid heating cycles for some
h igh.temperature heat exchanger braz ing operations.

195



ANP PROJECT PROGRESS REPORT

Fig. 3.4.2. Tube-to-Header Test Assembly Before Brazing.

Fig. 3.4.3. Tube-to-Header Test Assembly After Brazing at lOOoFlhr Rate of Temperature Rise.
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Fig. 3.4.4. Tube-to-Header Test Assembly Brazed at a 300o F/hr Rate of Temperature Rise.

Fig. 3.4.5. Tube-to-Header Joints Showing the Excellent Fillets Obtained by Using a Heating Rate of 300o F/hr.
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Fig. 3.4.6. Ex perimenta I Setup for Ra pld-Heat.cyc Ie Braz ing Experiments.

o
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FABRICATION OF VALVE COMPONENTS

G. M. Slaughter

The developmental work on methods for fabri­
cating valve components of various types con­
tinued. The special ized techniques that were
described in the previous report 1,2 for joining the
different compositions of disk and seat-ring ma­
terials were used to fabricate the valve com­
ponents described in Table 3.4.1. Two brazing
steps were uti Iized in the construction of most
parts. Step I cons ists in the attachment of the

Fig. 3.4.7. Completed Setup for Rapid-Heat.cycle

Braz ing Experiments.
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1E. A. Franco- Ferrei ra, G. M. SI aughter, and E. J.
Wilson, ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL.
2221, p 241.

2p • Patriarca and G. M. Slaughter, ANP Quar. Prog.
Rep. Sept. 10, 1956, ORNL-2157, p 198, esp. Figs.
3.4.12 and 3.4.13.
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Fig. 3.4.8. A Typlca I Joint Brazed by Using the Rapid-Heat.cycle Method. 75X. Etchant: 10% oxalic acid.

Table 3.4.1. Valve Component Fabrication During the Quarter

Number of Brazes

..

..

Type of VA Ive Component

K-94 disk

(tungsten carbide plus cobalt binder)

K-94 seat ring

(tungsten carbide plus cobalt binder)

K-96 disk

(tungsten carbide plus cobalt binder)

KM disk

(WTiC
2

plus cobalt binder)

Mallory 1000 seat ring

(tungsten plus copper and nickel as binder materials)

Thermenol seat ring

K-138A seat ring

(TiC-NbTaTiC
3

plus cobalt binder)

K·162B disk

(titanium carbide plus nickel and molybdenum as binder materials)

K-162B seat ring

(titanium carbide plus nickel and molybdenum as binder materials)

K·151A disk

(titanium carbide plus nickel binder)

Copper seat

Molybdenum seat rings

Molybdenum dis k

Tungsten disk

Step

2

o

3

No step I braze required

No step I braze required

3

a

o

No step I braze required

3

Step II

6

2

2

4

2

2

3

3

3
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Fig. 3.4.9. A Root Crack in a Tube-to-Header Test

Weld. SOX. Etchant: 10% oxalic acid. Reduced 35%.

I

.
UNCLASSIFIED
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Fig. 3.4.11. Tube-to-Header Sample Braze Assembly

Showing Preplacement of Coast Metal Brazing Alloy

No. 52 Rings.

Fig. 3.4.10. Tube-to-Header Joint with Trepanned

Design.
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material to a suitable transition layer, and Step II
cons ists in the attachment of the s uba ssemb Iy to
Inconel. The occasional rebraze cycles required
to obtain components acceptable for use in the

test runs are included in the number of brazes

listed.

ART FILL-AND-DRAIN TANK FABRICATION

E. A. Franco-Ferreira G. M. Slaughter

A study of the problems associated with the
fabrication of the ART fill-and-drain tank is under
way. Specifically, tests are being run to establish
welding and brazing procedures for the tube-to-tube
sheet joints in the tank heads. As a result of the

high degree of restraint exerted by the 1 ~-in ••thick
tube sheet, tube-to-tube sheet welds made with the
standard fusion procedure used for thin tube sheets
consistently exhibited root cracking of the type

illustrated in Fig. 3.4.9. The direct aim of the
welding investigations has been to arrive at a

welding procedure which 'wi II produce joints free
of such root cracks. A promising joint design
currently being investigated is a trepanned type,
an example of which is shown in Fig. 3.4.10.

Brazing experiments are also under way to
determine the proper amount of preplaced brazing
alloy, the type of preplacement procedures, and a
suitable brazing cycle. In the initial experiments,
the Coast Metals brazing alloy No. 52 was preplaced
in the form of rings, two per tube, as shown in
Fig. 3.4.11. A photograph of a typical as-brazed
test sample is shown in Fig. 3.4.12.

The opt imum procedures for we Id ing and braz ing
have not yet been determined. Various modifi­
cations in technique are to be studied in subse­
quent exper iments.
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Fig. 3.4.12. Tube-to-Header Sample Shown in Fig.

3.4 .11 After Braz in g.

WELDING AND BRAZING

OF NICKEL-MOLYBDENUM ALLOYS

R. E. Clausing

Studies of Hastelloy Band W Welds

Preliminary results of an investigation of the
mechanical properties of Hastelloy Band W welds
on ~-in. plate were reported previously.3 Further
tests were conducted, and the results of all the
0.252-in.-dia tensile-specimen test data obtained
are presented in Tab les 3.4.2 through 3.4.7.

An analysis of the tensile test data indicates
that the following general conclusions may be
drawn:

1. Hastelloy B welds have good ductility in the
as~welded condition when tested at room temper­
ature but poor ductility at 1500°F. In the
transverse weld tests, the specimens tested qt
room temperature failed in the weld, while those
tested at 15000 F failed in the base metal. In
aged specimens tested at 1650o F, the failure was
again in the weld material.

3p • Patriarca and R. E. Clausing, ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 221.
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2. Hastelloy B welds aged 200 hr at 1300°F all
failed, with poor ductility, in both the all-weld­
metal and transverse-weld specimens. In the
latter, the fa iIure occurred in the we Id meta I at
room temperature and in the fusion line at 1300o F.
The transverse specimens showed lower ductility
than the all-weld-metal specimens tested under the
same conditions.

3. Hastelloy B welds aged 200 hr at 1500°F
showed a slight increase in strength and decrease
in ducti lity compared with the as-welded condition
specimens tested at room temperature. However,
at 15000 F the ductility of the aged specimens was
better than that of the as-welded specimens at
1500°F.

4. Hastelloy Wall-weld-metal specimens show
strengths about the same as those of simi lar
Hastelloy B specimens and acceptable ductilities
(greater than 10% elongation) in all but two speci­
mens. Aging for 200 hr at 1300 and 15000 F re­
sulted in cons iderable loss of ducti lity.

5. Hastelloy W is notch-sensitive at 1300o F.
6. Fai lures in Hastelloy W weldments exhibit a

tendency to occur at the interface between the
we Id and the base meta I.

7. Hastelloy W weld metal appears to be stronger
and less ducti Ie than the base meta I.

8. Weldments of Hastelloy B plate with Hastelloy
W welding wire showed a marked tendency to fail
at gage marks in the base metal or at weld defects.
No apparent advantage is gained by using this
filler wire instead of Hastelloy B filler metal.

9. Vacuum-melted Hastelloy B welding wire has
essentially the same characteristics as those of
commercially available Hastelloy B wire.

Welding and Brazing Studies of Experimental
Nickel-Molybdenum Alloys

The l~-in. plate required for welding studies of
some of the nickel-molybdenum experimental
a IIoys was rece ived and tes ts were in itiated to
determine the welding and brazing characteristics
of these materials. The test specimens were
prepared by the methods described previously.3
The observations made in the tests thus far are
presented in Table 3.4.8. Since alloys INOR-7
and -8 are currently of maximum interest, it is
encouraging to note that no cracking tendencies
were found in these tests. Tensile data for other
promising alloys will be reported as they become
avai lab Ie.
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Table 3.4.2. All-Weld-Metal Tensile-Specimen Tests of Hastelloy B Filler Metal on Hastellay B Plate

Test Tens i Ie Reduction
Elongation •

Heat Treatment Temperature Strength in Area

(oF) (psi) (% in !-in. gage)
(%) •

As-welded Room 118,000 25 20

Room 124,000 27.5 23

200 hr at 1500° F Room 133,600 20 16

Room 130,000 12 12

200 hr at 1300° F 1300 114,300 8 5.5

1300 116,200 6 3.3

200 hr at 1500° F 1500 67,200 19.5 16

1500 63,800 10 13

As-welded 1500 66,700 9.5 9

1500 62,300 12.5 13

200 hr at 1650° F 1650 42,100 28 25

1650 46,500 27.5 24

Table 3.4.3. Transverse-Weld Tensile-Specimen Tests of Hastelloy B Filler Metal on Hastelloy B Plate

Test Tensile Reduct ion

Heat Treatment Temperature Strength
Elongation

in Area
Location of

(oF) (psi)
(% in l-in. gage) Fracture

(%)

As-welded Room 118,300 32.5 21 Weld

Room 124,500 24.5 23 Weld

200 hr at 1300° F Room 146,100 2 5 Weld

Room 140,500 5 2.5 Weld

200 hr at 13000 F 1300 108,300 5 3.4 Fusion line

1300 109,100 2 Base meta I

200 hr at 1500° F 1500 72,100 20 20 Weld

1500 73,700 13.5 23 Base metal

As-we Ided 1500 65,900 9.5 9 Base metal

1500 68,000 9.5 9 Base metal

or
200 hr at 1650° F 1650 47,000 26 32 Weld •

1650 45,600 25 26 Weld

202



PERIOD ENDING MARCH 31, 7957

Table 3.4.4. All-Weld-Metal Tensile-Specimen Tests of Hastelloy W Filler Metal on Hastelloy W Plate

Heat Treatment

As-welded

200 hr at 1500° F

200 hr at 1300° F

200 hr at 1500° F

As-welded

200 hr at 1650° F

Test Tens i1e Reduction

Tem pera ture Strength
Elongation

in Area

(OF) (psi)
(% in ]-in. gage)

(%)

Room 126,100 40 30

Room 128,000 36 27

Room 138,400 7.5 5

Room 138,400 13 14

1300 105,300 15 14

1300 117,600 13.5 15

1500 68,500 13.5 23

1500 64,000 7.5 22

1500 71,100 31 16

1500 69,800 20 18

1650 42,200 28 45

1650 43,600 21 42..
Table 304.5. Transverse-Weld Tensile-Specimen Tests of Hastelloy W Filler Metal on Hastelloy W Plate

-.. Test Tensile Reduction

Strength
Elongation

in Area
Location of

Heat Treatment Temperature
(OF)

(% in ]-in. gage)
(%)

Fracture
(ps i)

As-Welded Room 123,500 38 26 Weld

Room 123,300 36 29 Weld

200 hr at 13000 F Room 136,700 18 19 Base meta r at

gage mark

Room 136,200 20.5 35 Interface

200 hr at 13000 F 1300 99,000 17.5 23 Base meta I at

gage mark

1300 92,100 5 22 Base meta I at

gage mark

200 hr at 15000 F 1500 69,500 26.5 40 Interface

1500 70,100 34 43 Interface

As-welded 1500 65,100 22.5 20 Weld

1500 66,200 28 34 Weld

200 hr at 1650° F 1650 45,500 47 77 Interface

1650 44,900 35 71 Interface
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Table 3.4.6. Transverse-Weld Tensile-Specimen Tests of Hastelloy W Filler Metal on Hastelloy B Plate

Test Tensile Reduction

Heat Treatment Temperature Strength
Elongation

in Area
Location of

~

(oF) (ps i)
(% in l-in. gage)

(%)
Fracture

•

As-welded Room 119,500 36 34 We Id defect

Room 127,700 40 26 Weld

200 hr at 1300° F 1300

1300 48,900 20 12.5 Base meta I at

gage mark

200 hr at 15000 F 1500 70,100 17.5 37 Base meta I at

gage mark

1500 64,000 17 46 Base meta I at

gage mark

As-welded 1500 63,900 10 15 Base meta I at

gage mark

1500 64,600 9 3.3 Base meta I at

gage mark

200 hr at 16500
F 1650 44,700 25 20 Weld defect

1650 45,000 11 36 We Id defect ,..
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As-welded

200 hr at 1300° F

200 hr at 15000 F

Table 3.4.7. All-Weld-Metal Tensile-Specimen Tests of Vacuum-Melted

Hastelloy B Weld Metal on Hastelloy B Plate

Test Tensile Reduction

Temperature Strength
E langation

in Area

(oF) (ps i)
(% in I-in. gage)

(%)

Room 110,600 18.5 20

Room 125,300 32 16

1300 117,400 2.5 25

1300 114,900 4.5 3

1500 77,200 29 37

1500 74.400 35 43

•
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Table 3.4.8. Preliminary Results af Welding and Brazing Tests af Experimental Nickel-Molybdenum Alloys

Alloy Wettability Observations of

Des ignation* During Braz ing** Weld

INOR-1 Good Bod Iy fissured

-2 Good No visible fissures

-3 Very poor Bad Iy fissured

-4 Very poor No visible fissures

-5 Good Badly fissured

-7 Poor No visible fissures

-8 Good No vis ible fissures

*See Chop. 3.3, "Fabrication Research," this report, for nominal compositions of these olloys.

**Wettobility during brazing determined by using T-joints brazed in dry hydrogen at 10400 C with Coast Metols
braz ing a lloy No. 52.

•
r

Hot-Ductility Tests of Experimental
Nickel.Molybdenum Alloys

Hot-ductility tests were conducted at Rensselaer
Polytechnic Institute in accordance with pro­
cedures described in the Iiterature 4 ,5 on experi­
mental and commercial nickel-base alloys. The
results are presented in Figs. 3.4.13,3.4.14, and
3.4.15 in terms of the percenta ge reduct ion In

area.
The results of the tests indicate that it is

usually sufficient to evaluate the hot ductility as
measured at 23000 F during cooling from some
elevated temperature and to compare these data
with the hot ductility measured at 2300°F during
heating. The experience thus far indicates that
testing at 23000 F during cooling from a peak
temperature corresponding to the point where the
ductility during heating closely approximates
zero provides the best method of testing. The
leve I of impa irment of ducti Iity dur ing cool ing
which can be tolerated is probably dependent on
the conditions of restraint associated with the
actual welding operation. However, materials of
known propensity for cracking have all exhibited
ductility during coolinQ of less than 40% of the
ductility during heating under the test conditions.

Comparisons of the test results indicate that
none of the INOR alloys behave in as ducti Ie a

4 E• F. Nippes et al.• Welding]. 34, 183S (1955).

5 E• F. Nippes et al., Further Studies 0/ the Hot-
Ductility 0/ Higlr Temperature Alloys, Renssel aer
Polytechnic Institute Report (June 1956).

manner as Inc one I and thai they behave more like
Inconel X than like Hastelloy B. Alloys INOR-1,
-2, and -3 behave in a manner wh ich appears to be
superior to that of Hastelloy B (by virtue of high
as-heated ductility), whereas alloys INOR-4, -5,
and -6 are definitely inferior to Hastelloy B. A
metallographic stuJy is being conducted in an
effort to relate these observations to micro­
structure and possibly to chemical composition.

NaK·TO·AIR RADIATOR FABRICATION

G. M. Slaughter

Effects of Brazing Variables on Braze Adherence

The study of influence of the rate of rise to
brazing temperature on flowabil ity during radiator
brazing was continued. 6 Metallographic exami­
nations of tube-to-fin joints brazed at various
heating rates and with different types of Coast
Metals brazing alloy No. 52 rings were completed,
and the results are presented in Table 3.4.9.
A brazing temperature of 1905°F was used in this
study, and the time at temperature was 30 min.

Tube-to-fin test samples were also brazed with
Coast Metals brazing alloy No. 52 at maximum
braz ing temperatures of 1830, 1870, and 1905° F
at a rate-of-temperature rise of 5000 F per hr.
The results of brazed-joint adherence studies of
these specimens are presented in Table 3.4.10.

6 p • Patriarca and G. M. Sioughter, ANP Quar. Prog.
Rep. Dec. 31, 1956, ORNL-2221, p 224.
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Table 3.4.9. Results of Tests of the Effect of Heating Rate and Type of Brazing Alloy Ring on Braze Adherence

Braz ing temperature: 190sD F

Time at temperature: 30 min

Percentage of Joint Areas with
Heating Rate and Type

of Brazing Alloy Ring

Heating rate: 1000 F Ihr

ORNL cast rings

York sintered rings

Heating rate: 2000 F Ihr

ORNL cost rings

Yark s intered rings

Heating rate: 300o F/hr

ORNL cast rings

York s intered rings

Heating rate: 5500 F/hr

York sintered rings

75-100%
Adherence

77
15

97

61

96
100

100

50-74%
Adherence

15

8

3

35

4

25-49%
Adherence

1

3

0-24%
Adherence

7
74
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Table 3.4.10. Results of Tests of the Effect of Brazing Temperature on Braze Adherence

Heating rate: 500o F/hr

Brazing Temperature and

Type of Brazing Alloy Rings

Brazing temperature: 1905OF

York s intered rings

Brazing temperature: 18700 F

York s intered rings

ORNL cast rings

Brazing temperature: 18300 F

York sintered rings

ORNL cast rings

75-100%

Adherence

100

98

100

70

100

Percentage of Joint Areas with

50-74%

Adherence

2

21

25-49%

Adherence

9

STUDIES OF GRAIN GROWTH IN

INCONEL TUBES

The interest in maintaining a fine-grained
structure in the Inconel tubing used for reactor heat
exchanger and rad iator components has led to a
preliminary study of the grain growth that results
from var ious braz ing and heat-treat ing operations.
The initial results of this study indicated that
stress-relief treatments at 1500°F did not result in
grain growth, whi Ie significant grain growth re­
sulted from ~-hr brazing cycles at approximately
1922°F. It was also noted that growth proceeded
more rapidly in the grains located along the outer
wall of the tube than in those located along the
inner wall.

Since high-temperature back-brazing is required
in the fabrication of many components, a more
deta i led study was underta ken to determine the
influence of the different variables on the grain
growth characteristics of the tubing. The infor­
mation obtained from an analysis and evaluation of
growth behavior wi II be useful in determining the
optimum procedures for fabricating the various
components.

Assistance to Vendors

Assistance was given to the York Corp. in the
solution of difficulties in the fabrication of the
high-conductivity-fin NaK-to-air radiators. It was
recommended that the retort be baffled to obtain
more positive circulation of hydrogen, particularly
through the fin bank, during the brazing operations.
The size of the retort should be held to a minimum
to lessen channeling of the gas flow and to reduce
the total mass. Very stringent cleaning and
storage procedures sh ou Id be followed throughout
the fabrication process. It was suggested that the
assembled fin banks be placed in airtight con­
tainers before brazing. The fins should be de­
greased immediately prior to assembly. A rate of
temperature ri se of greater than 3000 F / hr (prefer­
ably 400 to 6000 F/hr) should be used through
the temperature range of 1700 to 1900° F. Further
experimentation should be carried out with sintered
brazing alloy rings in order to study the influence
of processing variables on the brazing character­
istics, and experiments with rings produced by
other methods, including ORNL cast rings, should
be continued. The use of mica as a nonwetting
support material was discouraged. It was sug­
gested that alumina be used because of its known
inertness.
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Influence of Brazing Temperature

Two different lots of CX-900 Inconel tubing were
used for an investigation of the effect af the
brazing temperature on grain growth. These lots
of tubing were identified as heat 5759 (0.187 in, OD,
0.025 in. wall) and heat 5789 (0.229 in. OD, 0.025
in. wall). One-inch segments from each lot were
cleaned with acetone and subjected to various
brazing temperatures for 30 min in dry hydrogen.
After the heat treatment the samples were sectioned
and examined in both the transverse and the
longitudinal direction. Photomicrographs of the
structures of the heat-treated spec imens of 0.187­
in.-OD tubing are presented in Fig. 3.4.16 in the
order of increasing brazing temperatures. Although
wide variations in grain size occurred along the
outer peripheries of the tubes, the photomicrographs
shown are typical of the areas that experienced
extens ive radial grain growth. After the 30-min
heat treatment at temperatures as low as 1814°F
and up to and including 1904°F, the grain growth
was found predominantly in the grains along the
outer surface of the tube. The fine-grained
structure along the inner surface appeared to be
relatively stable. After heating at 1922°F and
above, general grain growth was evident, that is,
grains along both the inner and outer surfaces
had grown to significant proportions and many of
those wh ich or ig inated on the outer surface had
grown completely across the tube wall. As would
be expected, the frequency of large gra ins in­
creased with increas ing temperature.

The trends observed in these tests are illustrated
in Fig. 3.4.17, in which the grain size is plotted
as a function of temperature for both the outer and
the inner tube surfaces. The grain dimensions
selected for plotting were representative of the
grain sizes in areas that exhibited definite grain­
coarsening tendencies. At the higher temperatures
the curves reflect the coex istence of large and
small grains in the tube wall. For example, the
tube heated at 1922°F for 30 min had grains that
penetrated rad ia lIy from the outs ide surface com­
plete ly through the tube wa II, but there were
adjacent areas that contained smaller grains.

Influence of Time at Temperature

It was felt that the time at temperature might
also be an important factor in grain growth, and

PERIOD ENDING MARCH 31, 1957

therefore a study was initiated in which both time
and temperature were varied. For these experi­
ments, 0.187-in.-OD, 0.025-in.-wall CX-900 Inconel
tubing from heat 5759 was cleaned with acetone
and sectioned into 1-in. segments, which were then
heat treated at various temperatures for various
times. The heat-treated segments were then
sectioned in the transverse and longitudinal
directions for grain-size determinations. Photo­
micrographs of the structures of the heat-treated
specimens are shown in Fig. 3.4.18. As may be
seen the lowest temperature employed (1868°F)
and the 5- and 10-min time intervals produced no
appreciable grain growth along the outer periphery.
The specimens held at 1868°F for 30 min, however,
showed sporadic grain coarsening at the outer
periphery. More extensive grain coarsening oc­
curred in the specimen held at temperature for
1 hr, as was expected. After 5 and 10 min at
1904° F, no gra ingrowth was observed, but after
30 min at this temperature, some growth was
evident. After 1 hr, grains occasionally penetrated
completely through the tube wall, and the inner
surface grains also had grown.

In the tests at 1922°F outer periphery grain
growth became quite noticeable after 5 min at
temperature. Since it had been established previ­
ously that excessive grain growth would occur in
30 min at 1922°F, no further experiments were
conducted.

Influence of Tube·Straightening and
Tube.Pol ishing Operations

A group of exper iments wa s conducted to study
the influence of tube-straightening and tube­
polishing operations on grain growth in CX-900
Inconel tubing. Since these operations impose a
small degree of cold deformation on the tubing, it
was desirable to determine whether this cold work
was a major contributor to the outer-surface grain
growth noted upon heating at high temperatures.
Samples of O.187-in.·OD and O.229-in.-OD tubing
were obtained in the following conditions: (1) an­
nealed, (2) annealed and straightened, and (3) an­
nealed, straightened, and polished. The samples
were then examined as-received, or subjected to a

brazing cycle of 30 min at 1868°F and examined ,
or subjected to a brazing cycle of 2 hr at 1922°F
and examined. The specimens were cut transversely
and mounted for microscopic examination.
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Fig. 3.4.17. Effect of Temperature on Grain Growth in O.187-in.-OD, O.025-in.-Wall CX-900 Inconel Tubing.

I

As may be seen in Figs. 3.4.19 and 3.4.20 the
two sizes of tubing reacted somewhat differently
when subjected to the brazing cycles. However,
it is evident that the straightening and polishing
operations had only minor effects on the grain
growth. The as-annealed tubing also showed
def in i te gra ingrowth at the outer surface.

Influence of Cold Work

The recrystallized grain size of a metal de­
creases with increasing amounts of cold work, and
therefore it was thought that cold working could
be used to produce a medium-sized grain structure
after brazing. Preliminary studies of the influence
of cold work were conducted on small segments
cut from annea led Inc one I sheet. The segments
were cleaned with acetone to remove dirt and
grease and then examined in the as-received
condition and after they had been reduced in
thickness 2.5, 5, 8, 12, and 15%, respectively,
by cold rolling.

The samples that were cold rolled were placed in
a retort and subjected to a typical brazing cycle
(heated at 300o F/hr to 1922°F, held for 30 min at
1922°F, and cooled at 600o F/hr) before they were
prepared for metallographic examination of grain
growth.

A medium-sized grain structure was observed
after heat treatment of the samples wh ich had been
cold reduced 5, 8, 12, and 15%. Some grain
coarsening was observed, however, in the sample
reduced 2.5%. The smallest grain size was ob­
served in the sample heat-treated after 15% cold
reduction.

A length of ~.hard (approximate Iy 15% cold
reduced) Inconel tubing was therefore acquired
from the Superior Tube Co. for further experiments.
Samples of this 0.25D-in.-OD, 0.035-in.-wall tubing
were prepared and subjected to various simulated
braz ing cycles.
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.. The structure obtained after rapid heating to
1922°F and holding for 2 hr is shown in Fig. 3.4.21.
The medium-sized grains obtained with the typical
brazing cycle (300o F/hr heating rate) are shown
in Fig. 3.4.22. The sample was held at the
brazing temperature of 1922°F for 30 min. A
larger quantity ~f ~-hard tubing is being acquired
from the Superior Tube Co. and a more extensive
examination of its behavior wi II be made.

SUBCONTRACT WORK

The University of Florida subcontract for an
investigation of the diffusion of boron and silicon
from high-temperature alloys was completed and a
final report is being prepared. The Glenn L.
Martin Co. subcontract for a study of electric­
resistance welding of tube-to-header joints was
also completed and a final report is being prepared.
The progress made by Rensselaer Polytechnic
Institute in their hot-ductility studies is reported
in the section of this chapter on "Welding and
Brazing of Nickel-Molybdenum Alloys."

The Battelle Memorial Institute subcontract
for molybdenum welding studies has continued •

PERIOD ENDING MARCH 31,1957

The objective of this program is the development
of techniques for producing ductile weldments.
Carbon-deoxidized arc-cast material was used.
Welds were made with a shielded tungsten electrode
both in a dry box and in the open atmosphere and
were tested by a single-point-Ioaded bend test at
room temperature and at 75°C. In addition to
studying the effect of atmosphere purity, various
etching and abrasion techniques were employed
in preparing the surfaces, and several types of
shields were used in welding the samples in the
open atmos phere.

The series of samples prepared by various
cleaning techniques were welded in a dry box.
They showed that acid etching resulted in welds
wi th somewhat better ducti Iity than those prepared
by other methods. They exhibited bend angles at
fracture of 40 deg at room temperature and 76 deg
at 75°C compared with average bend angles of
28 and 62 deg, respectively, for other samples.
For weldments prepared in air, the samples welded
with a trai Iing shield showed significantly better
ductility than all other samples.
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Fig. 3..4.21. Microstructure Obtained upon Heating

l/8-Hard Inconel Tubing at 1922°F for 2 hr. 100X.

Etchant: oxalic acid and copper regia.

Fig. 3.4.22. Microstructure Obtained upon Heating

'i-Hard Inconel Tubing at a Rate of 300o F/hr to 1922°F

and Holding at that Temperature for 30 min. 100X.

Etchant: oxalic acid and copper regia.
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3.5. MECHANICAL PROPERTI ES STUDIES

D. A. Douglas

DYNAMIC STRAIN PROPERTIES OF INCONEL

C. R. Kennedy 1

The study of the effect of thermally induced
strain cycles on the rupture Iife of Inconel was
continued. Two types of tests are being made,
including relaxation tests and mechanically in­
duced strain-cycl ing tests. Stress relaxation data
are necessary for determining the actual amounts
of plastic strain that occur under operating con­
ditions; whereas, strain-cycling data can be util ized
in determining the life expectancy of structural
members subjected to strain reversals. Although
the majority of the strain-cycl ing problems are
caused by thermal fluctuations, tests in which the
specimen is mechanically strained under isothermal
conditions give a definite insight to the effects of
thermally induced strain cycles.

IOn assignment from Pratt & Whitney Aircraft.

Rei axat ion tests of Inconel anneal ed at 20500 F
for 2 hr were completed at 1300, 1500, and 1650°F,
and the results are presented in Figs. 3.5.1, 3.5.2,
and 3.5.3. The tests were run at total strain s of
0.05, 0.1, and 0.2% at 1300°F and of 0.05 and 0.1%
at 1500 and 1650°F. One specimen was used at
each temperature to determine the rei axation rates
for all strains. The procedure was to run four
successive 100-hr tests with 0.05% total strain and
then run the tests with higher total strains. This
was done to determine the effect on the relaxation
rates of prior strain at the test temperature. It was
found that the prior strain only slightly affected the
relaxation properties of annealed Inconel tested at
1300°F, as shown in Fig. 3.5.1. It may also be
seen that, at all temperatures, when the total strain
is greater than 0.05%, which is the strain of the
proportional Iimit for coarse-grained Inconel at
these test temperatures, the relaxation rate is the
same as that of the 0.05% total strain test. Since
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at these test temperatures strain hardening is
small and recovery occurs rapidly, it follows that
the plastic strain given the specimen on loading to
total strains greater than the elastic limit has no
effect on the relaxation rate of the material.
However, at temperatures less than 1300°F, this
may not be the case, and the material may reflect
the effects of strain hardening in its relaxation
rate.

The strain-cycling equipment described pre­
viously2 was in operation during the quarter and
preliminary results were obtained at a test tempera­
ture of 1500° F. The greatest number of tests were
run with rod specimens in two conditions, as­
received and annealed at 2050°F for 2 hr. The
test results are shown in Fig. 3.5.4, in which the
log of the plastic strain (Ep ) per cycle is plotted
vs the log of the number of cycles to failure. The
procedure of operation has been to apply a load
which is of a magnitude that will cause the specimen

2J. R. Weir. Jr., ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL·2221, p 246.

to experience a specified plastic strain in 1 min
and then to reverse the load to produce the same
plastic strain in the opposite direction. The
plastic strain vs time wave has the shape shown
on Fig. 3.5.4. It may be seen that the coarse­
grained specimens (annealed at 2050° F for 2 hr)
exhibit fewer cycles to failure for all values of
E. Metallographic examination of the specimens
s~owed that the failures were intergranular and
that they initiated at the surface of both the
coarse- and the fine-grained material.

Tests were also run at 1500°F on O.75-in.-OD,
0.06-in.-wall Inconel pipe both in the as-received
and the annealed (1950°F for 2 hr) conditions. As
may be seen in Fig. 3.5.5 there is some scatter of
the data; however, all but three points fall within
the band bracketed by the coarse- and fine-grained
rod data.

Tests of Inconel pipe in the fused salt NaF­
ZrF4-UF 4 (50-46-4 mole %, fuel 30) at 1500° Fare
now in progress in order to determine the effects
of this corrosive medium on the strain-cycling
characteristics of Inconel. Strain-cycle tests will
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also be run at 1300 and 1650°F on both as-received

and annealed specimens in argon and in fuel 30.

Since the strain-cycle type of test provides an

important measure of an alloy's ductility, such

tests will be included in the program for evaluating

potential reactor material s.

In conjunction with this work at ORNL, addi­

tional data are being obtained under subcontracts

at the University of Alabama and Battelle Memorial

Institute, At the University of Alabama experi­

ments are being conducted to study the effect of

plastic strain induced by thermal fluctuations.

Initially the tests were programed to provide a

l-hr hold time at each end of the temperature ex­

cursion; however, all the specimens tested in this

manner exhibited preferential growth and ultimately

failed by buckling, Recently, tests were conducted

so that a complete temperature reversal was ef­

fected in 1 min. This rate corresponds to the
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rate used for some of the mechanical strain-cycle

experiments conducted at ORNL, and the type of

failure was similar. Therefore some correlation

between the two types C?f tests should be possible,

at least for the rapid cycle rates. It might be

assumed that a material would react in the same

manner to repeated plastic strain regardless of the

manner in which the strain was induced. However,

this is true only if no metallurgical changes are

initiated by temperature changes and if the stability

of the structure at the temperature extremes is

independent of time. The main issue to resolve is

whether any such changes occur in the operating

temperature range of the reactor.

The natural desire to obtain information of this

type as quickly as possible led to an attempt to

obtain data before all the testing techniques were

developed. The many testing difficulties en­

countered have, however, necessitated a slower,
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more analytical approach. As a result time is now

bei ng spent determi n i ng the temperature profi Ie

over the gage length, the effective gage length,

and the effect of commenc i ng the test at vari ou s

temperature Jevets. Thus an additional delay will

be incurred before data of sufficient accuracy

become available to attempt a correlation with the

ORNL results.

A program was initiated at Battelle Memorial

Institute on July 1, 1956 to fully explore the

elevated-temperature properties of Inconel under

dynamic-stress conditions. The program entail s

complete reverse stress fatigue tests and fatigue

tests with various constant load stresses applied,

in the tensile direction. Such information, together

with stress-rupture data, can be used to form

"Goodman"3 diagrams. From these plots the

stress conditions that will result in failure by

creep can be established, and the stress conditions

that will result in failure from fatigue can be

determined, Since the primary interest is in low­

frequency stress reversal s, the tests wi II be

conducted at 1 and 10 cps. Prel iminary results

show that, at a temperature of 1400°F, application

of constant load stresses up to 4000 psi will not

significantly alter the stress to produce a fatigue

fai lure in 1000 hr. Data are to be obtained for

diagrams for 1200 and 1600°F.

3 S• Timoshenko and G. H. MacCullough, Elements 01
Strength 01 Materials, 3d ed., p 371, Van Nostrand,
New York, 1949.
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ALLOY DEVELOPMENT

J. W. Woods

Evaluation studies were made of the creep and
creep-rupture characteristics under a constant load
of two experimental nickel-molybdenum alloys
being developed for reactor use. The environment
used in these tests was the fused salt NaF-KF­
LiF-UF 4 (11.2-41-45.3-2.5 mole %, fuel 107). The
two alloys tested were vacuum melted at ORNL.
Heat VT-51 had the nominal composition (in wt %)
17 Mo-10 Cr-0.5 AI-0.5 Mn-O.06 C-7 Fe-bal Ni,
and heat VT-52 contained (in wt %) 17 Mo-10
Cr-0.06 C-7 Fe-bal Ni. The results of the tests
are presented in Table 3.5.1. The corrosion of the
unstressed surfaces of the specimens from both

220

heats that were solution annealed at 20000 F for 1
hr and aged at 1300°F for 50 hr was 0.5 to 1 mil.

The compositions of the two alloys were virtually
identical, but the methods of preparation were
different. Heat VT-51 was prepared from elemental
melting stock, and heat VT-52 was prepared from
Inconel diluted with Ni, Mo, and Fe. Alloy VT-51
demonstrated an aging response, while alloy VT-52
did not. Because the alloys were prepared in
small heats, variations in mechanical properties of
of the two alloys were to be expected. Both alloys
exhibited good ductility.

Photomi crographs of the specimens are shown in
Figs. 3.5.6 and 3.5.7. The formation of a con­
tinuous network of carbides around each grain is
shown in Fig. 3.5.6, whereas in Fig. 3.5.7 the
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Table 3.5. 1. Stress-Rupture Properties of Two Experimental Nickel-Molybdenum Alloys

...
Test temperature: 15000 F

Stress: 8000 psi

Heat No.

VT-51

VT-52

Spec imen Treatment
Rupture Li fe Elongation

(hr) (%)

Solution annealed at 20000 F for 1 hr 860 76

Solution annealed at 2000° F for 1 hr 1243 46
and aged at 1300° F for 50 hr

Solution annealed at 2000° F for hr 820 72

Solution annealed at 20000 F for hr Test discontinued at 780 72
and aged at 1300° F for 50 hr
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carbide precipitate in the grain boundaries has a
more random arrangement which could account for
the lower strength exhibited by alloy VT-52. In
general the precipitates were well dispersed in
both specimens.

Hastelloy B has received considerable attention
in the alloy development program because it is
commercially available and it has excellent high­
temperature strength and corrosion resistance.
However, the absence of chromium in Hastelloy B
results in characteristically poor oxidation re­
si stance. One aim of the development program,
therefore, is to introduce sufficient chromium to
provide good oxidation resistance but not enough
to result in severe corrosion. Hastelloy C, which

is also a commercially available nickel-molybdenum
alloy, contains 15 wt % chromium. It was recognized
that thi s amount of chromium would lead to con­
siderable corrosive attack, but, since the composi­
tion of this alloy represents an upper limit of
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chromium, it was decided that a certain amount of
data on its strength properties in fused salts would
be pertinent to the problem. Therefore, stress­
rupture data were obtai ned at 1300, 1500, and
1650° Fin fuel 107 for compar ison with data for
other alloys being investigated.

The results of the tests are shown in Fig. 3.5.8.
The data show quite good stress-rupture properties,
and it appears that for 10,000 psi at 1500°F
Hastelloy C wi II have a rupture Iife of over 1000
hr. The two specimens tested at 1500°F in
Hastelloy B creep test chambers had poorer stress­
rupture properties than those tested in a Hastelley
C test chamber. This may be explained by the
fact that the creep test chamber made of Ha stelloy
B contained no chromium and thus provided,
through alloying and diffusion, a strong "sink" for
chromium and accelerated the removal of chromium
from the specimen.
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The results of the alloy development program
thus for indicate that considerable progress has
been made toward achieving the objective of de­
veloping a material that is as fabricable as required
for reactor construction, possesses adequate
strength, and is corrosion resistant in high­
temperature fuel mixtures, liquid metal s, and air.
Commercial alloys such as Hastelloys Band W,

which have excellent corrosion resistance and

strength, will have to be avoided, since, at the
temperatures of interest, they precipitate a brittle

phase that causes poor fabricability and low
ductility. Experimental nickel-molybdenum alloys
of the single-phase or sol id-solution type have the

desired fabricabi Iity and corrosion resi stance, but
they lack adequate creep strength. In spite of the
poorer creep strength, however, these alloys are
stronger than Inconel.
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Attempts have been made to increase the strength

of the nickel-molybdenum alloys by the addition of

elements that form complex precipitates and by the

addition of elements that are simple carbide

formers. Additions of very small amounts « 1%)

of aluminum and titanium do not seem to increase

the strength, but they do increase the final elonga­

tion at rupture, probably because of their affinity

for oxygen and nitrogen. However, fabrication

difficulties are encountered when the additions of

aluminum and titanium exceed 1.5%. It has been

possible, however, to improve the creep charac­

teristics by additions of carbide-forming elements,

such as niobium and tungsten, as was done in the

case of Hastelloy C, without seriously compromi sing

the other good characteristics. Several alloys of

this type have exhibited a stress-rupture life of

1000 hr when tested in fuel 107 at 8000 psi and

1500o F. A considerable amount of additional

work is needed to achieve the optimum balance of

strength, fabricability, and corrosion resistance,

but the success to date encourages optimi sm.

TESTING OF BERYLLIUM

D. A. Dougl as

The Brush Beryll ium Co., under a subcontract,

has for several years been conducting an ex­

tensive program of mechanical testing of beryllium
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to explore the effects of variables such as tempera­

ture, surface finish, strain rate, and oxide content

on the mechanical properties. Most of the work

was summarized in a report issued in August 1956. 4

'I n the current contractual year the work has been

concerned with measuring the elevated-temperature

tensile and stress-rupture propel ties of samples

trepanned from the blocks being hot-pressed for

the ART. It was felt desirable to determine

whether the linear relationship between oxide

content and strength reveal ed by the past work

would be evidenced in the larger pressings. Also,

some evaluation of the blocks is required to ensure

that the strength does not fall significantly below

the strength on which design calculations were

based. The results of the tests, as reported in

The Brush Beryllium Co. quarterly progress re­
ports,S,6 indicate that the strength properties do

not vary appreciably from those predicted.

4 R. G. 0' Rourke et al.. Mechanical Properties 01
Reactor-Grade Beryllium at Elevated Temperatures,
COO·312 (August 1956).

SR. G. O' Rourke and J. N. Hurd, Mechanical Testing
01 Beryllium at Elevated Temperatures. Progress Report
lor First Quarter Fiscal, 1957 (undocumented).

6 R• G. O'Rourke and J. N. Hurd, Mechanical Testing
01 Beryllium at Elevated Temperature. Progress Report
lor Second Quarter Fiscal. 1957 (undocumented).

..-



PERIOD ENDING MARCH 31, 1957

3.6. NONDESTRUCTIVE TESTING AND INSPECTION
OF MATERIALS AND COMPONENTS

R. B. Oliver A. Taboada

where

2

417 x 10- 7 henrieslm, permeability of

nonferromagnetic tubing,
conductivity of part being inspected,
in mholm,
outside diameter of part, in meters.

y

J1

D =p

The four solid curves drawn from the short­
dashed curve to the point (0,1) represent the effect

amplifier provide a direct coupled signal which
varies inversely with the resistive component,
R, of the testi ng co ii's impedance. The frequency
discriminator, with its associated amplitude
limiter and amplifier, provides a direct-coupled
signal which varies inversely with the reactive
component, X, of the testing coil's impedance.

The change in impedance of the coil is described
by the curves of Fig. 3.6.2. On this graph, the
short-dashed curve has, as a parameter, the
frequency ratio flfc' in which f is the operating
frequency of the coil and fe is determined by

EDDY-CURRENT INSPECTION TECHNIQUES

R. B. Oliver

Tubing Inspection

J. W. Allen

The application of the recently developed Im­
pedograph,l an instrument which measures both

the a-c resistance and the reactance of its testing
coil over a wide range of frequencies, was in­
vestigated further. A prototype of th is instrument,
described by the block diagram in Fig. 3.6.1, was
constructed. It is composed primari Iy of an
osci Ilator in which the bifi lar-wound center-topped
testing coil is the frequency-determining element.
Both the a-c resistance of the coi I and its in­
ductance are influenced by the tubing under in­
spection. The amplitude of the alternating voltage
generated by the oscillator varies inversely with
the resistance of the testing coil, and the frequency
of the voltage varies inversely with the square
root of the inductance of the testing coil. The
amplitude detector (Fig. 3.6.1) and its associated

lJ. W. Allen, ANP Quar. Prog. Rep. Dec. 31, 1956,
ORNL.2221, p 260.
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Fig. 3.6.3. Comparison of Impedagraph Signal Traces

with Actual Dimensional Variations of 0.229-in •• OD,

0.025·in.-Wall Inconel Tubing Specimen 68-18.

Fig. 3.6.4. Comparison of Impedograph Signal Traces

with Actual Dimensional Variations of 0.229-in.·OD,

0.025-in.-Wall Inconel Tubing Specimen 68-2A.

on the same channel with the diameter variations.
Gross defects cause very large impedance ex­
cursions which are at some angle between the
effects of diameter and wall thickness; thus the
large resultant signal is present on both channels.

Illustrations of the instrument's abi Iity to di s­
tinguish between diameter and wall th ickness
variations are given in Figs. 3.6.3 and 3.6.4.

Ie = _2_,
"~r Op

II. = PERMEABILITY OF
NONFERRDMAGNETIC
TUBING (henries/ml

r = CONDUCTIVITY OF PART
BEING INSPECTED I"'ho!m)

Dp = DIAMETER DF PART (m)

Dc DIAMETER OF COIL 1m)

f = FREQUENCY

Dp
v=­
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Fig. 3.6.2. Impedance Plane for Coils Encircling

Metal Tubes.

of varying the tubing wall thickness (as a per­
centage of the outside diameter) for fife ratios
of 9, 16, 25, and 100. The long-dashed curves
indicate the effect of varying the outside diameter.

It is important to note that if the proper flf e
ratio is selected for a particular tube, angular
separation of approximately 90 deg can be obtained
between the effects of varying diameter and
varying wall thickness. An example of this sit­
uation occurs at on fife ratio of 25 for a tube
having a wall thickness which is 10% of its
outside diameter.

Both the R and X components of any excurs ion
from the operating point are measured by the
Impedograph. These two components may be
resolved into any other set of two orthagonal
components by the use of resolving bridges, as
indicated in Fig. 3.6.1. Thus the controls may
be adjusted unti lone channel of the instrument
responds primarily to variations in diameter and
the other to variations in wall thickness. Small
defects on the inner wall of the tubing cause
impedance excursions that are nearly in phase
with those from wall thickness variations, and
small defects on the outer surface cause excursions
that are nearly in phase with those from diameter
variations. Therefore, small inside defects will

appear on the same channel with the wall thickness
variations, and sma II outs ide defects wi II appear
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The signa I traces are recordi ngs of the reactive
and resistive component signals from the Im­
pedograph for 3S-in. lengths of 0.229-in.-OD,
0.02S-in.-wall Inconel tubing which have been
stretched to accentuate their dimensional variation.
Above the traces are plots of the average wa II
thickness as measured with the Branson Vidigage
(ultrasonic-resonance thickness measurement).
Below the traces are plots of the average outside
diameter as measured with micrometers. It is
readily seen that close correlation exists between
the instrument signals and the other measurements.

These traces were made at an operati ng frequency
of 189 kc, for which the flf ratio is approximatelyc
lS for the 0.229-in.·OD, 0.02S-in.-wall Inconel
tubing. This frequency and wall thickness (11%
of OD) have an operating point on the graph of
Fig. 3.6.2 such that the resistive component is
at a maximum as a function of wall thickness.
At this point small changes in wall thickness
cause almost no change in the resistive com­
ponent, but do cause maximum change in the
reactive component. Theoretically, changes in
diameter should affect both channels. However,
the traces of ,Figs. 3.6.3 and 3.6.4 clearly indicate
that the diameter signals are predominate in the
resistive component and have a negligible effect
on the reactive component. Unfortunately, the
variations in both diameter and wall thickness
characteristically follow each other at about the
same period, and therefore c iose analys isis
very difficult. Further investigation of this effect
is planned with the use of machined tubes in
which changes in diameter and wall thickness
may be introduced and contro lied separately.

Cladding Thickness Measurements

J. W. Allen R. A. Nance

The feasibility of determining the thickness of
the cladding on Mark X MTR fuel plates with an
eddy-current probe coil was investigated. Although
this study has no immediate application to ANP
work, many of the problems involved are very
simi lar to problems associated with inspections
of control rods and other clad or shrouded as­
semblies.

The Mark X MTR fuel plates are composed of
a 0.022-in. nominal thickness core of S2 wt % AI­
48 wt % U alloy clad with a 0.020-in. nominal
thickness of type 6061 aluminum alloy. The defor­
mation characteristics of the core and the cladding

PERIOD ENDING MARCH 3J, 7957

a Iloy are not the same; hence, during the roll ing of
the plate to a uniform thickness, the deformation of
the core is frequently nonuniform. The result
is a thick section at each end of the core, the
longitudinal cross section of which resembles a
"dog bone." Since the plate is of uniform thick­
ness, the cladding over the thick sections at the
extremities of the core is of course much thinner
than the 0.020-in. nominal thickness. The pos­
sibi lity of a 0.003- to O.OOS-in. depth of corrosion
attack necessitates the location and reiection of
fuel plates which have excessive "dog boning."

To faci litate the investigation of this problem
and to determine the best operating parameters
for the eddy-current test, the prototype instrument
described in the block diagram of Fig. 3.6.S was
constructed. Since the original purpose of this
instrument was to determine the best coil design
and the optimum operating frequency, it is more
complex and contains more controls than would
be required on a production inspection instrument.

The instrument consists of a variable-frequency
oscillator which supplies alternating current to
the probe coil through an isolating network and
to a balancing network. The isolating network
prevents the presence of the probe coi I from
affecting the voltage supplied to the balancing
circuitry, and supplies the probe coil with current
of constant amplitude. Since the probe coil current
is constant in amplitude, the voltage at the
terminals of the probe is directly related to its
impedance, which in turn is influenced by the
metal specimen in proximity with it. The balancing
network is adjusted manually until the voltage
at the network output terminal is equal to the
vo Itage across the coi I, at the in itia I test con­
dition, in both amplitude and phase. Any change
of the test condition changes the voltage at the
coil in phase or amplitude or both. The difference
in the voltage of the coil and of the balancing
network is amplified, and hence any change in
coil voltage causes a meter deflection.

After some experimenting, the probe design
shown in Fig. 3.6.5 was established. The coil
consists of approximately 540 turns of No. 40
enameled copper wire in a small, cup-shaped
Ferrocube core (Ferrocube Corp. Type 3C Ferro­
cube). The coil, after connection with the in­
strument cable, is potted with an epoxy resin into
the end of a short length of micarta tubing. This
coil assembly is contained in a heavy brass
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Fig. 3.6.5. Variable-Frequency Eddy-Current Instrument and Prabe-Co; I Des Ign for Cladd Ing Th ickness De­

terminations.

holder which spring-loads the probe against the
metal specimen. The use of this mechanism
eliminates spurious signals caused by the varying
coupling associated with a hand·held probe.

Three considerations were of primary importance
in selecting an optimum test frequency. First,
the frequency was to be sufficiently high to
sens itively detect the difference between the
type 6061 aluminum alloy cladding (conductivity =
45% IACS 2) and the uranium-aluminum alloy core
(conductivity = 22.8% lACS). Second, it was to
be sufficiently low to penetrate the nominal 0.020·

21ACS refers to international anneal ed- copper standard.

in.-thick cladding and to detect small changes
in its thickness. Also, it was to be sufficiently
high that the 0.022-in.-thick core underneath the
0.020-in.-thick cladding would appear infinitely
thick (that is, no eddy-current penetration through
the core). This is necessary to prevent the clad
thickness on the "back side" of the plate from
influencing the thickness determinations made
on the side under surveillance. The optimum
frequency determi ned experi menta Ily to sati sfy
these conditions was 20 kc.

Correlation of the meter deflection with the
cladding thickness was experimentally determined
by first adjusting the instrument to read nearly
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Fig. 3.6.6. Eddy.Current Signal-Calibration Curve for

Cladding Thickness Measurements of Mark X MTR Fuel

Plates•
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full scale with the probe coil placed on a specimen

of bare uranium-aluminum core, and to read zero
with the probe coil placed on an apparent "infinite"

thickness of the 6061 aluminum alloy. Shims of

the cladding alloy, which varied from 0.003 to

0.020 in. in thickness, were then used to obtain

the information for the ca I ibration curve shown

in Fig. 3.6.6.

Three Mark X fuel plates were examined, and

only one showed sufficient variation in cladding

thickness to warrant a more detailed inspection.

This plate was scanned on both sides, with each

pass of the probe coi I overlapping the previous

pass to ensure complete coverage of the surface.

The greater portion of the cladding was indicated

to be from 0.017 to 0.020 in. thick. All deviations

from this range were marked for later destructive

examination.

Four of the most significant areas noted during

this investigation were sectioned and subjected

to a metallographic examination for correlation and

evaluation of the eddy-current measurements. The

locations of these sections are shown in Fig.

3.6.7. Sections 3 and 4 were taken from one end

of the plate where the cladding was very thin as
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NOI . -
MAXIMUM CLADOING THICKNESS BY EDDY­
CURRENT INSPECTION = 0.021 in.

MAXIMUM CLADDING THICKNESS BY METALLO­
GRAPHIC EXAMINATION = 0.020 in.

N03

PROBE COIL WIDTH = 0.438 in.

I- -j

MINIMUM CLADDING THICKNESS BY EDDY­
CURRENT INSPECTION = 0.003 in.

MINIMUM CLADDING THICKNESS BY METALLO­
GRAPHIC EXAMINATION =0.003 in.

NO.2

MINIMUM CLADDING THICKNESS BY EDDY­
CURRENT INSPECTION = 0.010 in.

MINIMUM CLADDING THICKNESS BY METALLO­
GRAPHIC EXAMINATION = 0.009 in.

---L
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GRAPHIC EXAMINATION = 0002 in.

Fig. 3.6.7. Comparison of Eddy·Current Thickness Measurements of Mark X MTR Fuel Plates with Thickness

Measurements Obtained by Metallographic Examination.
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Table 3.6.1. Comparison of Mark X MTR Fuel Plate

CI adding Thl cknesses Measured by Eddy­

Current Inspection Techniques and by

Metaltographlc ExaminatIon

a result of the "dog bone" effect previously
mentioned. Section 1 was taken through the
the thickest portion of cladding, while section 2
was taken through the thinnest portion of cladding,
excluding the very thin cladding over the ends of
the core.

The results of the metallographic measurements
are summarized in Table 3.6.1 and shown in Fig.
3.6.7. All measurements shown were made on
one side of the plate only. The measurements
for section 1 were made on the side of the plate
with the thickest cladding, while the remaining
sections were measured on the side with the
thinnest cladding. It should be noted that in all
cases where the metallographic measurement differs
from the eddy-current measurement, the difference
is 0.001 in. below the value obtained by the eddy­
current technique. It is therefore concluded that
upon choosing the optimum operating parameters,
the cladding thickness on Mark X MTR fuel plates
can be determined to within ±0.001 in. with the
use of an eddy-current probe coi I.

Cladding Thickness (in.)
Specimen

No.

2

Portion of

Cladding

Measured

Thickest

Thinnest

Eddy- Current

Result

0.021

O.OlD

Metallogrophic

Resul t

0.020

0.009

thickness of the Mark X fuel plates indicates
that if the two metals, forming a system, have a
ratio of conductivities in the order of 2: 1 or
greater, the thickness of the accessible layer
can be accurately measured. As the conductivities
of the two materials approach the same value,
this system of measurement becomes useless.

Continued experience with the eddy-current
probe-coil technique should result in the satis­
factory measurement of cladding thickness of
most alloys on a cermet core, of any of the oxi­
dation-resistant alloys over molybdenum or niobium
cores, of an austenitic stainless steel over a
nickel-molybdenum alloy core, or of a nickel­
molybdenum alloy over an austenitic stainless
steel core. The ability of this method to measure
Inconel on austenetic stainless steel or austenetic
stainless steel on Inconel is currently considered
to be marginal.

The eddy-current probe-coil method of measuring
thickness is independent of the existence or
condition of the bond between the two layers,
and it is best suited to the measurement of thin
layers. This method appears to be well adapted
to measuring cladding thicknesses on solid-fuel·
element assemblies or on moderator assemblies.
It is also well adapted to measuring the thickness
of the outer layer of duplex tubing, such as might
be used in future heat exchangers and radiators,
provided the conductivities of the two layers are
sufficiently different. Both the total wall thick·
ness of the duplex tubing and condition of the
bond between the two Iayers can be eva Iuated
by ultrasonic techniques.

RADIOGRAPHIC INSPECTION TECHNIQUES

~.

There is no comprehens ive theory for the ap­
plication of eddy-current probe coils on metal
surfaces such as the theory which exists for
the use of coils encircling rods or tubes. This
lack of theoretical background requires that each
problem be considered separately and that general
statements regarding the capabi Iities of the probe­
coil technique be carefully qualified. The ex­
perience gained in the measurement of the cladding

The voltage and current settings required for
radiographic inspection of various thicknesses of
Inconel, stainless steel, nickel-molybdenum, and
simi lar alloys are not avai lable, and therefore a
program of compilation of such data has been
initiated. Test weldments in ~-in. Inconel sheet
are being radiographed through 8-in. of beryllium
to explore techniques for the inspection of the
closure welds of the ART fuel-annulus core shells.
Beryll ium, an element of low atomic number,
causes excessive scatter of the incident x-ray.
The scatter reduces image contrast and sharpness
so excessively that the radiograph is not capable
of revealing any but gross defects. Higher x-ray

3

4

Thinnest

Thinnest

0.003

0.003

0.003

0.002

R. B. Oliver W. J. Mason
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energies are being explored, but the reduction of
image contrast with increasing energy appears
to nearly offset any reduction of scattered photons
that might be expected.

EXAMINATION OF LEAK IN SUMP TANK

OF PRATT & WHITNEY HIGH-TEMPERATURE

CRITICAL ASSEMBLY

R. Heestand

Shortly after the Pratt & Whitney high-temperature
critical assembly was loaded with barren fuel­
carrier salt, a leak was detected in the sump tank.
The insulation was removed and the source of
the leakage was found to be severe cracks in the
6-in.-dia cap which had been welded to the bottom
of the tank as a catch basin. Since such cracking
is unusual for Inconel forged fittings, it was
surmised that the cap had been machined from
bar stock. A call to Pratt & Whitney confirmed

PERIOD ENDING MARCH 31,1957

that forged pipe caps were not immediately avail­
able and that a cap machined from bar stock had
been used. The cap was removed and a forged
cap was welded to the tank.

Examination of Calrods attached to the tank
revealed that they were glazed with salt-vapor
deposits, and therefore all bottom and side Ca/rods
were removed, the tank was cleaned externally,
and new Calrods were installed.

Visual examination of the faulty cap showed
nine separate cracks which penetrated through
the cap. Examples of the cracks are shown in
Figs. 3.6.8 and 3.6.9, which are outer and inner
wall views, respectively, of the same cracks.
As may be seen the cracks run to the weld and
stop, and thus it is apparent that they were in the
cap before it was installed on the tank. X-ray
exam ination of the cap-to-tank we Id before serv ice
did not show cracks in the weld, and the x-ray

"-

Fig. 3.6.8. Cracks on the Outer Surface of the Faulty Bar-Stock Cap Removed from the Sump Tank of the

Pratt & Whitney High-Temperature Critical Assembly.
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Fig. 3.6.9. Cracks an the Inner Surface of the Faulty Bar-Stack Cap Removed from the Sump Tank of the

Pratt & Whitney High-Temperature Critical Assembly.

examination was not of sufficient sensitivity to
show cracks in the cap.

MATERIAL INSPECTION

The program of inspection of materials of con­
struction was continued, with intended use as
the criterion for acceptability. A summary of the
materials inspected is presented in Table 3.6.2,
which gives the various types and quantities of
material inspected, the methods of inspection,
and the rejection rates. All rejected material
has been either downgraded for noncritical ap­
plications or used in experimental development
projects in order to minimize losses.

232

Tubing

R. W. McClung

The results of inspections of small-diameter
tubing illustrate the high rejection rate that results
when long defect-free pieces are requested. For
example, it was necessary to get 88-in. pieces
from 120-in. lengths of O.625-in.-OD, O.065-in.-wall
Inconel tubing, listed in Table 3.6.2, and hence
a single rejectable defect located more than 32-in.
from either end caused rejection of the entire
length. Many of the discontinuities located on
outer surfaces by eddy-current or immersed-ultra­
sound inspection were grinding marks that resulted
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Table 3.6.2. Materials Inspectlan Summary

Item Description Quantity Method of Inspection
Rejection

Rote Remorks
(%)

419 ft Vi suol, penetrant

CX-900A Inconel; 0.229-in. 2600 ft

00, 0.025-in. wall

CX-900A Inconel; 0.187-in. 2432 ft
00, 0.025-in. wall, and
miscellaneous sizes

Fifty-six short defects found; rejection
rate will depend on minimum usable
length and defect di stribution; the
short defects were, in general, less

than 1 in. in length

Rejection of 1910 ft based on minimum
usable length of 88 in.; if shorter
lengths can be used, the rejections
will be reduced substantially, since
the defects were, in general, smo II and
widely scattered; repolishing will also
probably reduce the rejections

Seventy-five short defects found

Thirty-six short defects found; 100 ft
rejected

22

63 Numerous scratches, nicks, and gouges
were found that were caused by
handling or shipping; some outer sur­
face imperfections exceeded 5% of the
wall thickness

Thi s material was primori Iy for radiator

manufacture, and defects greater than
0.0005 in. were couse for rejection

Remaining portion of a lot of about

10,000 ft; over-all rejection rate 15.6%

40

Ultrasonic, eddy current

Visual, penetrant, eddy

current, ultrasonic

Ultrasonic, eddy current

Visual, penetrant, eddy

current, ultrasonic

Ultrasonic, eddy current

Ultrasonic, eddy current

250ft

250 ft

1000 ft

3890 ftInconel; 0.625-in. 00,
0.065-in. wall

Inconel; random sizes

Inconel; 0.25-in. 00,
0.065-ln. wall

Hostelloy B; 0.25-in. 00,
0.017-in. wall

Hostelloy B; O.5-in. 00,
0.035-in. wall

Tubing

Pipe Inconel; random sizes

Inconel; 3-in. sched 40

668 ft

258 ft

Visual, penetrant, eddy
current, and radiographic
where necessary

Ultrasonic 14

Where possible, defective conditions
were removed by grinding; 8 ft rejected
because of crocklike conditions or de­
fects in excess of permissible
tolerance

Thirty-six feet rejected because of
cracks

Hastelloy B; ~-in. IPS

sched 40
200ft Visual, penetrant 100 Materiol hod been centerless ground, but

defects remained; material wi II be
used, as i S, for tests

Plate and Incanel; random thick-
sheet nesses

CX-900A Inconel; random

th icknes ses

463 ft2 Visual, penetrant, and ultra­
sonic where necessary

419 ft2 Visual, penetrant, and ultra­

sonic where necessary

6

25 Sections with defects were ground, but
if defects exceeded tolerance, the en­
tire plate was rejected

Rod Inconel, random diameters

CX-900A Incone I (bi lIets);
4 pieces, 17 in. in
diameter, each 42 in. long

CX-900A Inconel; random

diameters

330 ft

14 ft

9 ft

Visual, penetrant, and ultra­

sonic where necessary

Vi suol, penetrant, ultra~

sonic

Visual, penetrant, ultra­

sonic

20

o

o

Fifty-eight feet rejected because of
seams and draw marks that appear to be
inherent in, the cold-drown material

Defects indicated by ultrasonic inspec­
tion were removoble by machining

Fittings Inconel ells, reducers, etc 57 pieces Visual, penetrant o

Shafts for Inconel 6 pieces Visual, penetrant, ultro- o
pumps sonic
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from the exploration of visual or penetrant in­
dications. Either the defects had not been com­
pletely removed, or the grinding sufficiently
disturbed the surface to produce a further defectlike
indication. This batch of tubing was inspected
to a standard such that any discontinuity greater
than 5% of the wall thickness in depth would be
rejectable. The tubing will be repolished and
and reinspected, and the rejection rate may be
reduced considerably. However, not all the dis­
continuities were on the outer surface, as may
be seen in Fig. 3.6.10 which is a photomicrograph
of an inner surface gouge approximately 0.017 in.
in depth, 0.033 in. in width, and 0.375 in. in
length.

The special lots of Hastelloy B tubing listed
in Table 3.6.2 were fabricated by using a balanced
reduction between diameter and wa II th ickness
and were drawn with a floating plug. Despite the
large number of discrete defects and the high
rejection, the tubing was better than many lots
of Hastelloy tubing inspected previously. The
most severe cracks found are shown in Fig. 3.6.11,

which is a metallographic section taken from the
0.25-in.-OD, 0.017-in.·wall tubing. The cracks
appear to be up to about 0.008 in. deep. The
O.006-in.-deep single crack shown in Fig. 3.6.12
is representative of the most common defect found.
The very rough inner surface, intergranular attack,
and fine fissures throughout the entire batch of
the tubing, as shown in Fig. 3.6.13, are of course
un sat is factory.

Plate

R. W. McClung

The requirements for the ultrasonic inspection
of Inconel plate in thicknesses up to 1 in. have
increased, and therefore special steps have been
taken to increase the inspection rate without
sacrificing inspection quality. The warping 3

which was prevalent with the thinner sections
of plate was partially offset by clamping the plate
to a structural frame. With the warpage reduced,

3 R. W. McClung, ANP Quar. Prog. Rep. Dec. 31,
1956, ORNL.2221, p 269.
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.. ..
Fig. 3.6.13. Typical Intergranular Attack, Fissures, and Rough Inner Surface of As-Received Hastelloy B

Tubing. 500X. Reduced 3%.
.'

less time was required to realign the incident

beam. Another aid in increasing the inspection

rate is the use of the B-scan, which displays the

signal received as an instantaneous cross section

through the plate being inspected. This permits

an increase in I inear speed of the transducer from

approximately 10 to 25 fpm.

In general, it appears that for plate of average

quality, inspected from either face, the inspection

rate will be about 10 ft2 per shift. This of course

allows for all the downtime necessary for setup

and may increase Or decrease with plate quality;

also, an increase in the inspection rate might be

expected with larger areas.

The rate of rejection increased slightly during

the quarter, and three prime criteria for rejection

were established: (1) the detection of a dis­

continuity which produces a signal comparable

to or greater than that from a standard \4 -in.

flat-bottom hole; (2) the presence of smaller dis­

continuities with their centers nearer than 1 in.

to each other; and (3) excessive ultrasonic atten­

uation, which may be due to porosity or precipitates

within the plate.
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Beryllium Hot Pressings

R. W. McClung R. B. Oliver J. W. Allen

One of the six, -large, beryllium hot-pressings

fabricated by The Brush Beryllium Co., Cleveland,

Ohio, was ultrasonically inspected at ORNL.

Previously, three of these items had been in­

spected at the producer's plant. However, it was

felt that a more methodical, complete ultrasonic

examination under laboratory conditions by several

different techniques (some of which could not be

used at the Brush facility) was needed as a check

on techniques which were previously used in the

field.

The instrument used for the inspection at ORNL

was a Curtiss-Wright 424A Immerscope with a

;-in.-dia li 2S04 high-resolution transducer. An

attenuation curve was plotted which demonstrates

the comparative signal strength as received from

a constant-size discontinuity when seen through

varying thicknesses of beryllium, Fig. 3.6.14.

The instrument was calibrated for all the in­

spections by using a ~-in. flat-bottom hole and

applying its presented signal to the appropriate
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Fig. 3.6.14. Attenuatian Curve far Ultrasonic Inspec­

tion af Beryllium.

thickness on the attenuation curve. Thus the

relative size of any defect could be approximated

by comparing its signal with that of the standard

and by using the attenuation curve. The general

shape of a hot-pressed beryll ium piece is shown

in Fig. 3.6.15; however, the contours and di­

mensions varied from piece to piece.

The section denoted A was inspected completely

by three different pulse-echo ultrasonic techniques.

The first was a simple immersed method in which

the hot pressing was completely immersed in a

tank of water and the surface was scanned in a

linear fashion with a \-in. index between suc­

cessive scans. Three small discontinuities were

located which were estimated to be less than the

rejectable size. For the second inspection the

column-coupled, gimbal-mounted mechanism4 illus­

trated in Fig. 3.6.16 was used. Section A was

scanned in a series of overlapping circular scans;

however, the port was still completely immersed

and thi s technique mere Iy gave comparative in­

formation. The inspection results were identical

with those obtained by the conventional immersed

technique. For the third inspection the gimbal

mounting, the circular scan, and also the column­

coupled "squirter" principle were used. More

4R• B. 01 iver, J. W. All en, and P. J. Long, Ultrasonic
Inspection 01 Hot Pressed Beryllium Moderator Blanks,
ORNL CF-56-10-34 (Oct. 3, 1956).

18 in.

SECTION M-M

Fig. 3.6.15. Cross Section of a Typical Hat-Pressed

Beryllium Piece.

spurious signals were noted in the third in­

spection, but the results were equiva lent to those

obtained by the other two techniques.

The sloping section, B, was inspected with the

squirter technique, the transducer being aligned

so that the refracted ultrasound beam was per­

pendicular to the bottom surface. In this portion

of the inspection, one discontinuity that was larger

than the standard hole was located, but it was in

a region that was to be removed by subsequent

machining and thus was not cause for rejection.

The hot pressing was also inspected completely

by measuring the variation In ultrasonic at­

tenuation throughout its volume. From the con­

s i stency of bock reflections obta ined, the pressing

seemed to be quite homogeneous. Since no

rejectable defects were located which would

not be removed by subsequent machining, the

piece was considered to be acceptable.
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UNCLASSIFIED
PHOTO 18490

...

Fig. 3.6.16. Conical Section of a Beryllium Hot Pressing Being Ultrasonically Inspected with the Use of the

Column-Coupled, Gimbal-Mounted Mechanism.
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In comparison with the results obtained with
the other ultrasonic inspection techniques, it
appears that if careful control is exercised the
inspection results obtained with the column­
coupled "squirter" technique are sufficiently
accurate to warrant such inspection of the re­
maining beryllium hot pressings.

The results of inert-gas shielded-arc weld in­

spections during the past six months are
summarized in Table 3.6.3. The criteria for the
inspection of each weldment are established at
the time of design review. Each weldment is
classified as C, CN, or S. A C classification is
used for all critical welds that must have optimum
soundness, for example, welds sealing between
corrosive environments, welds that will be sub­
jected to thermal gradients, and welds that must
have high strength. These welds are made
according to applicable procedure specifications,

A. Taboada

Welds

R. L. Heestand

PERIOD ENDING MARCH 31.7957

and they are inspected by visual, dye-penetrant,
and x-ray techniques. A CN weld requires high
integrity but cannot be x-rayed. Visual inspection
and dye-penetrant methods are used in the in­
spection of the CN-type weld. Welds which are
out-of-specification because of design limitations,

but which are critical, also fall into this category.
The S designation is for structural welds, but it
is also used for out-of-specification welds that
are not critical. Welds in this category are in­
spected by dye-penetrant and visual methods. Dye
penetrant reveals cracks, but it does not indicate
pin holes or porosities.

In addition to the welds listed in Table 3.6.3,
115 C-type welds on piping manifolds for the
ETU were inspected, with 21% rejected for det­
rimental defects. There were also 60 C-type welds
of Hastelloy B inspected. Th irteen of these
welds were found to be rejectable for various
types of defects. Another 185 welds fabricated
on thermocouple leads for critical application
were 64% rejected.

Table 3.6.3. Weld Inspection Summary

C- Type Weld eN- and S- Type Welds

Per iod Total Number Percentage Total Number Percentage

Inspected Rejected Rejected Inspected Rejected Rejected

Sept. 10 to Dec. 10, 1956 1052 141 13 2048 59 3

Dec. 10, 1956, to March 10, 1957 922 202 22 3103 45 1.5

Total for the two per iod s 1974 343 17 5151 104 2
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4.1. RADIATION DAMAGE

G. W. Kei Iholtz

1A. E. Richt et al•• ANP Quar. Prog. Rep. Dec. 31.
1956, ORNL-2221, p 290.

EXAMINATIONS OF COMPONENTS AND

MATERIALS TESTED IN THE MTR

A. E. Richt

Irrad iated Moderator Material s

The Inconel capsule containing beryl! ium oxide

slugs, which was recently irradiated in the MTR,2

was disassembled and examined. Thi s capsule

was the first of a series of capsules containing

moderator materials to be irradiated to investigate

the dimensional stabi lity and mechanical properties

of the material under simulated reactor operating

2J. A. Conlin. D. M. Haines, and C. C. Bolto, ANP
Quar. Prog. Rep. Dec. 31. 1956. ORNL-2221, p 91.

was found on the sl inger assembly and on the

forward bellows, as shown in Figs. 4.1.2 and

4.1.3. The rotating copper block and its housing

were coated with a similar deposit, as shown in

Fi gs. 4.1.4 and 4.1.5.

The impeller housing from the pump of loop No.4,

along with the impeller housings from the pumps

of loops Nos. 5 and 6, wi II be cut open on the re­

mote lathe at a later dote. Disassembly of loop

No.6 will begin as soon as the disassembly equip­

ment is made ready.

E. N. Ramsey

E. D. Sims

R. M. Wallace

C. Ellis

E. J. Manthos

W. B. Parsley

In·P i1e Loops

Metallographic specimens were cut from in-pile

loop No.4 and mounted. All the specimens were

examined in the as-pol i shed condition, and some

were examined in the etched condition. None of

the etched specimens examined up to this time

have shown attack greater than 1.5 mi lsi n depth,

and no signs of mass transfer were found on the

speci mens. Wall th ickness measurements wi II be

taken on all the specimens from the nose coil and

on some samples from straight sections of fuel

lines. The operating conditions for this loop were

described previously.1

All the sections of the fuel-circulating pump,

except the impeller and impeller housing, were

photographed with the remote stereomicroscope.

The condition of the rear half of the pump sump is

shown in Fi g. 4.1.1. As may be seen, no fuel

remained in the sump. A colored amorphous de­

posit simi lar to that found in in-pi Ie loop No.3

--

Fig. 4.1.1. Rear Section of Pump Sump of In-Pi Ie
1Loop No. 4. I:2X.

Fig. 4.1.2. Slinger Assembly from Pump of In-Pile

Loop No. 4. 2X.
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Fig. 4.1.3. Split Forword Bellows from Pump of In­

Pi Ie Loop No.4. 2X.

UNCLASSIFIED
RMG 1596

Fig. 4.1.4. Rotating Copper Block from Pump of In­

Pile Loop No.4. Actual size.
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UNCLASSiFIED
RMG 1597

Fig. 4.1.5. Split Copper·Block Housing from Pump of

In-Pile Loop No.4. Actual size.

conditions. The condition of the irradiated test
assembly after removal of the thermocouples is
shown in Fig. 4.1.6. Unfortunately the high.f1ux end
of the capsule (the end closest to the reactor during
irradiation) was bent slightly while it was being
removed from the bracket surrounding it, but the
BeG slugs were not damaged. Diameter measure'
ments were made on the can before the BeG slugs
were removed, and the results of these measure­
ments are listed in Table 4.1.1. The measurements
were taken at ~-in. intervals along the length of
the can, and two series of readings were taken
90.deg apart. The 'slugs were arbitrarily numbered
1, 2, 3, and 4, with slug 1 being closest to the
reactor and slug 4 being farthest from the reactor
during irradiation.

An attempt was made to remove the BeG slugs
with the use of a remotely controlled lathe. Slugs
3 and 4 were removed in this manner, but they
were damaged slightly by the lathe tool while the
(ian was being machined away. Figures 4.1.7,
4.1.8, and 4.1.9 show the condition of the slugs
removed on the lathe as compared with a simi lar
slug of unirradiated BeG. It was therefore de­
cided to remove the remaining two slugs by using
the remote milling machine. A portion of the cap
on the remaining half of the can was cut off with
an abrasive cut-off wheel to remove the brace
wh ich secured the cap to the can, and the open end
of the can was trimmed on the cut-off machine.
Successive cuts were then made with a mi Iling
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machine, along the longitudinal axis of the can,
until the BeO slug surface was exposed and the
can sprang open. The slugs were then easily
removed from the open can. Slugs 1 and 2, wh ich

were removed by th is method, were in much better
condition than sl,ugs 3 and 4, as shown in Figs.
4.1.10 and 4.1.11. An unirradiated slug photo­
graphed under the same cond iti onsis shown in
Fi g. 4.1.12 for comparison with slugs 1 and 2 as
shown in Fi gs. 4.1. 10 and 4.1.11. A very small

CALROD HEATER
'lJsCL"'SSI'\"~.
pI-oro IU6'1

HOT -CELL MANIPULATOR

INCONEL CAPSULE
CONTAINING
BeO SLUGS

UNCLASSIFIED
RMG 1598

BRACKET FOR HOLDING

ANO POSITIONING
CAPSULE

Fig. 4.1.6. Inconel Capsule Containing BeO Slugs

After Removal from the MTR.

Fig. 4.1.7. BeO Slug 4 Removed from Inconel Capsule

After Irradiation Showing Damage by Lathe Used to

Remove Inconel Can. 2.5X.

Table 4.1.1. Diameter Measurements of Irradiated Inconel Capsule Containing BeO Slugs Taken at ~.in.

Intervals Starting at End Farthest From Reactor During Irradiation

Diameter before irradiation: 1.041 to 1.042 in.

Diameter at ~-in. Intervals

(in.)

Position on Capsule

During Irrad iation

Diameter 90 deg from

Column 1 Measurement

( in.)

1.041

1.042

1.043

1.044

1.044

1.043

1.043

1.042

End farthest from reactor

End closest to reactor

1.041

1.042

1.042

1.043

1.044

1.044

1.044

1.044
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UNCLASSIFIED
RMG 1599

Fig. 4.1.8. BeO Slug 3 Removed from Inconel Capsule

After Irradiation Showing Damage by Lathe Used to

Remove Inconel Can. 2.5X.

UNCLASSiFIED
RMG 1600

•

Fig. 4.1.9. Unirradiated BeO Slug for Comparison

with Those Shown in Figs. 4.1.7 and 4.1.8. 2.5X.
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UNCLASSiFIED
RMG 1621

Fig. 4.1.10. BeO Slug 1 After Irradiation. 2.5X.

UNCLASSIFIED
RMG 1622

Fig. 4.1.11. BeO Slug 2 After Irradiation. 2.5X.
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UNCLASSIFIED
RMG 1623

Table 4.1.2. Dimensional Measurements of the Four

BeD Slugs Before and After Irradiation in the MTR

UNCLASSIFIED
RMG 1624

Fig. 4.1.13. Ends of BeD Slugs 1 and 2 That Were

Closest to Reactor During Irradiation. 2.5X.

damage after irradiation. The ends of slugs 1 and

2 are shown in Figs. 4.1.13 and 4.1.14. The end
of slug 1 that was closest to the reactor shows a
sma II crack that was probably caused by mechan ical
damage rather than radiation damage. No evidence
of BeD powder was found in the capsule. The
results of the dimensional measurements on all
four slugs are listed in Table 4.1.2. No signifi­
cant changes were observed in either the lengths

or diameters of the slugs. Sections of the capsule

wi II be mounted and examined metallographically.

Dimensions (in.)

Before Irrad iation After Irrad iation

Length

1.000 1.000

1.005 1.001

1.005 1.000

1.005 1.000

Diameter

0.9965 0.997

0.997 0.997

0.9965

0.997 0.997

0.997 0.997

0.998

3

4

2

2

3

4

Slug

Number

crack was found on the low-flux end of slug 2, but

since this was the only crack found on the slug,
it may be assumed that the crack was either present
before irradiation or was caused by mechanical

Fig. 4.1.12. Unirradiated BeD Slug far Comparison

with Slugs Shown in Figs. 4.1.10 and 4.1.11. 2.5X.
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30n assignment from Pratt & Whitney Aircraft.

UNCLASSIFIED
RMG 1625

Apparatus for Stress.Rupture Tests of Tubing

in the MTR

."

4J • C. Wilson el al•• ANP Quar. Prog. Rep. Dec. 31.
1956. ORNL-2221. p 299.

apparatus in that the pure hel ium atmosphere be­

came contaminated by insulating and constructional

materials, and the assembly work during the final

stages was necessarily slow because the size

and complexity of the apparatus limited the number

of people who could work at one time.

The general design of the apparatus was described

previously,4 and the nearly assembled specimen

chamber, a sample specimen, and a specimen fur­

nace are shown in Fig. 4.1.15. An end plate and a

water jacket wi II be welded on in order to complete

the specimen chamber. Water and boral wi II be

used as sh ielding in the plug. Each specimen is

a section of 3.8-in. sched-40 Inconel pipe mach ined

down to a wall thickness of 0.030 to 0.050 in.

over the gage length, and each specimen is pro­

vided with three thermocouples for temperature

measurement or control. A ~ 6-in.-OD capi Ilary

wi II supply gas pressure (to supply the stres s) to

each spec imen.
Each of the eight specimen furnaces has three

windings. A rheostat in series with each of

the 24 separate furnace windings permits separate

control. Three recorder-controllers (Speedomax

"G" air controllers with pneumatically driven

Variacs) control the temperature in three zones

corresponding to the front end (the end closest to

the reactor), the middle, and the back end of the

specimen. This system is necessary because of

the gamma-ray heating gradient in the MTR. The

only alternative would have been the use of 24

controllers or 8 controllers and a system of furnace

shunts that would be controlled by reactor power.

The lead time on procurement of the extra con­

trollers that would have been needed was too long,

and it appears now that the present system may be

the most suitable.

Extensive tests to determine why the Inconel was

heavi Iy cxidized in out-of-pi Ie stress-rupture tests

in similar apparatus, despite the use of a high.

purity helium atmosphere, showed that some of the

materials of construction were contributing oxygen

or other contaminants to the atmosphere. Lavite,

a mach inable ceramic, was el iminated from the

assembly as the worst offender. The fused quartz

sleeving was found to require special thermal

treatment to rid it of disturbing impurities. Thermo­

couple wires with glass insulation were also

suspect, and accordingly all electrical leads and

W. W. Davi s

N. E. Hinkle

C. D. Baumann

W. E. Brundage

T. C. Price 3

CREEP AND STRESS-RUPTURE TESTS

OF INCONEL

J. C. Wi Ison

Fig. 4.1.14. Ends of BeO Slugs land 2 That Were

Farthest from Reactor During Irradiation. 2.5X.

Effort has been concentrated recently on com­

pleting apparatus for MTR in-pi Ie tests of the

stress-rupture properties of Inconel tubing. Diffi­

cu Ity was encountered in the assembly of the
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Fig. 4.1.15. Partially Assembled MTR Stress-Rupture Apparatus.

thermocouples were provided with ceramic insula­
tion. Approximately 50 thermocouples and 35 power
leads (copper) were insulated with a total length
of 12 ft of ceram ic in su lation.

Four racks of power and thermocouple instrumen­
tation and the connecting cables were completed,
and an avai lable safety circuit was adapted for
use with this apparatus. A rack of helium pressure
control circuits, including 8 pressure recorders to
monitor specimen pressures (and thus stresses)',
was designed, built, and leak tested.

Dupl icate spec imens are to be tested out-of-pi Ie
at stresses of 2000, 3000, and 4000 psi at 1500° F.
The in-pile apparatus wi II probably be installed
in the MTR during March 1957.

Tube-Burst Tests in the L1TR

Two tube-burst stress-rupture tests of Inconel
tubing in a helium atmosphere were completed in

the L1TR. The thermal and fast (> 1 Mev) neutron
fluxes in hole HB-3 where these tests were con­
ducted are both on the order of 6 x 10 12 n/cm 2.sec.
Rupture times for the O.OlO-in.-wali Inconel tubing
(ART stock) at 2000 psi and 15000 F were 1050 and
1650 hr and thus were in good agreement with out­
of-pi Ie data obtained in an argon atmosphere. 5

The specimens in corresponding out-of-pile tests
in a helium atmosphere have passed 1770 hr with­
out rupture. A third in-pile specimen, stressed to
1000 psi at 1500°F, did not rupture in 1670 hr,
and the total creep deformation wi II be measured
upon disassembly of the apparatus.

An unstressed Inconel tube was exposed in the
LlTR (HB-3) with nitrogen inside to determine
whether radiation-induced nitriding would occur.
This specimen was also in a temperature gradient

5J • H. DeVan, ANP Quar. Prog. Rep. Sept. 10,1955.
ORNL-1947, p 122.
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of 1500 to 750°F to ascertain the effect of tem­
perature. Metallographic examination of the speci­
men is under way.

Metallographic examination of an irradiated
stress-corrosion apparatus, in wh ich a tubular
Inconel specimen was exposed to NaF-ZrF 4-UF 4
(63-25-12 mole %, fuel 41) on the inside and sodium
on the outside, was completed. The tube was
stressed in bending at a maximum stress of 1000 psi
at 1500°F for 1120 hr so that a range of tension
and compressive stresses acted on the metal.
Corrosion on the fuel side was negligible and did
not appear to depend on the sign or magn itude of
the stress; only scattered subsurface voids to a
depth of 1 to 2 mils were observed. 0, the sodium
side, attack to a depth of about 3 mi Is was found.
There were voids at and immediatel'y below the
surface, but deeper into the wall there were holes
in the metal that appeared to be fil'led with a new
constituent, as yet unidentified.

A tube-burst rig is being built for L1TR tests of
Inconel exposed under stress to NaF-ZrF 4- UF 4
(62.5-12.5-25 mole %). This type of apparatus has
been successfully tested in the L1TR without
stress. Heaters are used with this apparatus which
will permit control of the temperature even if a
50% error is made in calculating the fission heat
generation.

EFFECT OF RADIATION ON CORROSION OF

STRUCTURAL MATERIALS BY STATIC

FUSED SAL TS

W. E. Browning

R. E. Adams J. Lee
H. L. Hemphill

Inconel Capsules

Irradiation tests in the MTR of Inconel capsules
filled with NaF-ZrF 4-UF 4 (53.5-40-6.5 mole %,
fuel 44) were continued. Further difficulties of
the type descri bed previously6 were encountered
because of damage to facilities by the turbulent
cool ing water of the MTR. Some improvement of
the condition was obtained through the use of
better installation techniques. No desigl changes
of the capsules or the facilities were made, but it
is expected that a chan ge to all-stai niess-steel
construction of the irradiation facility may be
necessary.

6 W• E. Browning, R. E. Adams, H. L. Hemphill, ANP
Quar. Prog. Rep. Dec. 31, 1956, ORNL-2221, p 300.
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Two irradiated and two control capsules were
opened and analyzed metallographically, and fuel
samples were submitted for chemical analysis.
The operational histories and the results of metal,lo­
graphic analyses 7 of the capsules are given in
Table 4.1.3. In this series of tests only two
capsules, Nos. 247 and 248, constituted a matched
pair, that is, an irradiated capsule and an identical
heat treated but not irradiated capsule. As may be
seen in Figs. 4.1.16 and 4.1.17, the attack was
of about the same intensity in both capsules. The
depth of penetration was so minute, however, in
both cases, that it may be confused with surface
fau Its and perhaps can be cons idered to be negl i­
gible.

Capsule 276 showed (Fig. 4.1.18) corrosive
attack and subsurface voids to a depth of 5 mils.
The area of maximum penetration was near the
mid-point of the capsule, and the distribution of
the attack tapered slightly toward the ends. This
distribution of the attack was anticipated on the
basis of the temperature profile of the capsule.
The appearance of the affected areas in this cap­
sule indicates that the corrosion attack is real
and considerable; however, the contribution by
irradiation cannot be ascertained until control
data and chemical analyses of the fuel are avai 1­
able. Capsule 264 (Fig. 4.1.19) will be compared
with its irradiated counterpart in a latter report.

The excellent temperature control achieved with
the capsule control system at the MTR is indicated
in Table 4.1.3. Capsule 247 experienced only one
temperature excursion, which was 32°F above the
set point for less than 1 min in an operating period
of 676 hr through 16 reactor shutdowns. Capsule
276 was operated for 235 hr with no excursions
greater than lOaF above the set point.

Hastelloy B Capsules

Hastelloy B capsules 320 and 341 were tested
out-of-pile, Figs. 4.1.20 and 4.1.21, and two
similar capsules containing NaF-KF-LiF-UF 4 were
inserted in the MTR on January 28, 1957. The
design of these capsules is the same as that of
the Inconel capsules.

Hastelloy B corrodes in air at high temperatures
and must be protected during irradiation. Electro­
plating with chromium over nickel provides the

7 A. E. Richt and R. M. Wallace, Metal/agraphic Exami­
nation 0/ Static Corrosion Capsules Nos. 248, 264, 320,
341, 247, and 276, ORNL CF·57-2-30 (Feb. 5, 1957).

.0
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Table 4.1.3. Operating Conditions and Results of In-Pile and Control Corrosion Tests of Inconel and
Hastelloy B Capsules Containing Static Fuel Mixtures

Uranium Time at Number af Metallographi c Results

Capsule Cantent of Capsule Full Flux or Excursions Excursi ons Depth of Di stri bution
No. Fuel* Material Tem pera ture Above 1500°F Below Melting Attack of

(hrl Point of Fuel (mils) Attack

Irradiated Capsules

247 2 mole % UF 3 Inconel 676 1 min at 16 0.5 Uniform
(1.5 kw/cm 3) 1532°F

276 4 mole % UF 4 Inconel 235 None 8 5 Attack con cen trated
(3.7 kw/cm 3) at mid-point of

capsule

Heat-Treated Unirradiated Contral Capsules

248 2 mole % UF 3 Inconel 676 1 min at 16 0.25 Uniform
1532°F

264 2 mole % UF 4 Inconel 918 None 28 0.5 Uniform

320 5.7 mole % UF 4 Hastelloy B 621 None 37 0.25 Uniform

341 None** Hastelloy B 190 None To 300°F 0.25 Un; form
13 times

*The fuel mixtures used in all capsules, except No. 320, were taken from the NaF·ZrF4-UF 4 system. Capsule 320 contained
11.8 mole % NaF, 44.3 male % Li F, 38.2 male % KF, and 5.7 mole % UF 4'

**No salt; helium atmosphere.

Fig. 4.1.16. Inner Surface of Irradiated Inconel Capsule 247 After Exposure to a ZrF4-Bose Fuel Mixture

Containing 2 Mole % UF
3

for 676 hr at 15000 F in the MTR. (a) Unetched. (b) Etched with 10% chromic acid

(electrolytic). 250X. (Secret with caption)
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Fig. 4.1.17. Inner Surface of Unirradioted Inconel Capsule 248 After Exposure to a ZrF4 -Base Fuel Mixture

Containing 2 Mole % UF3 for 676 hr at lS00oF, (a) Unetched, (b) Etched with 10% chromic acid (electrolytic),

250X. (Secret with caption)
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Fig. 4.1.18. Inner Surface of Irradiated Inconel Capsule 276 After Exposure to a ZrF4 -Base Fuel Mixture

Cantaining 4 Mole % UF4 for 235 hr at 15000 F in the MTR. (it) Unetched. (b) Etched with 10% chromic acid

(electrolytic). 250X. (Secret with caption)
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Fig. 4.1.19. Inner Surface of Unirradiated Inconel Capsule 264 After Exposure to a ZrF.-Base Fuel Mixture

Containing 2 Mole % UF. for 918 hr at 1500oF. (a) Unetched. (b) Etched with 10% chromic acid (electrolytic).

250X. (Secret with caption)
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Fig. 4.1.20. Inner Surface of Unirradiated Hastelloy B Capsule After Exposure to NaF-KF-LiF-UF. (11.8·38.2­

44.3-5.7 Mole %) for 621 hr at 1500oF. (a) Unetched. (b) Etched with 10% chromic acid (electrolytic). 250X.

(Secret with caption)
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Fig. 4.1.21. Inner Surface of Unirradiated Hastelloy B Capsule Tested

1500~. (a) Unetched. (b) Etched with 10% chromic acid (electrolytic).

caption)

in a Helium Atmosphere for 190 hr at

250X. Reduced 13.5%. (Secret with

basis for formation of an oxide coating which is
protective at all temperatures up to 1500° F. S

Detai Is of the plating of Hastelloy B corrosion
capsules with nickel and chromium by electro­
deposition were reported previously.9

Other methods of applying nickel and chromium
coatings are being studied in an attempt to improve
the yield of successful coatings. Deposition of
nickel coatings by the "electroless" method
appears to be promising. A nickel salt is reduced
by sodium hypophosphite and deposited on the
surface of the metal to be coated. The metal
surface does not enter into the reaction. Nickel
deposited by this method is uniform in thickness
on all surfaces, and the plate is reported to be
relatively nonporous. IO This method is superior
to electrodeposition in that articles of irregular
shape receive uniform deposits.

The deposition of chromium by vacuum metalizing
is also being studied. In this method chromium
metal is vaporized from a tungsten filament, under
vacuum, and deposited on the metal surface to be
plated. I I It is difficult to plate articles of irregular

SH. Inouye, M. 0' Amore, and T. K. Roche, Nickel
Base Alloys [or High Temperature Service, ORNL CF­
56-4-121 (April 16, 1956).

9W• E. Brown ing, R. E. Adams, and H. L. Hemph ill,
ANP Quar. Prog. Rep. Dec. 31,1956, ORNL-2221, p 305.

lOR. M. Burns and W. W. Bradley, Protective Coatings
far Metals, 2d ed., p 205, Reinhold, New York, 1955.

,I IS. Oushman, Scientific Foundations o[ Vacuum Tech.
mques, p 757-764, Wiley, New York, 1949.

shape with chromium by electrodeposition, and it
is anticipated that vacuum metalizing will over­
come this difficulty. Vacuum metalized coatings
are also expected to have no entrapped liquids,
as might be the case with an electroplate, and
thus a large percentage of the coated specimens
should survive high-temperature exposure to air.

Tests specimens of Hastelloy B have been nickel
plated by electrodeposition and then chromium
plated by vacuum metal izing. Other specimens
have been nickel plated by the "electroless"
method and then chromium plated by vacuum
metalizing. These specimens were then heated to
815°C in a muffle furnace and cooled to room
temperature dai Iy to study the characteristics of
the oxide film. The preliminary results are promis­
ing, and work is continuing.

IN·PILE LOOP EXPERIMENTS

W. E. Browning

R. E. Adams M. F. Osborne
H. L. Hemph i II H. E. Robertson

R. P. Shields

Out·of·Pile Test of Pump for LITR Vertical Loop

Operation of the full-size pump designed for cir­
culating fused-salt fuel in the vertical in-pile loop,
which was started in an out-of-pile test loop during
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I/23

OAK RIDGE NATIONAL LABORATORY

Fig. 4.1.23. Pump Shown in Fig. 4.1.22 with Shaft

Removed to Show Vapor Deposits Above Baffle.

Fig. 4.1.24. Another View of Pump in Fig. 4.1.22

Showing Vapor Deposits ond a Cross-Sectional Cut

Through the Shaft.

of particular interest. The vapor baffle, indicated
in Fig. 4.1.22, provides only a narrow path of
cons iderable length through wh ich vapor can
diffuse. The baffle is made of Graphitar to avoid
stoppage if a piece of solid vapor deposit from

- LIQUID LEVEL

VAPOR-DEPOSITION
ISOTHERM

lINCLASSI~ lEO
"~OTO 1ge5I

--LEVEL OF LOWER
BEARING
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_K~~~il--IMPELLER

;~••~~~i:~!-lIQUIDINLET

t 2 3

OAK RIDGE NATIONAL LABORATORY

•. ...1

....
•

12W• E. Browning, M. F. Osborne, and H. E. Robertson,
AN P Quar. Prog. Rep. Dec. 31,1956, ORNL-2221, p 299.

the previous quarter, 12 was terminated after
3525.5 hr at 1570°F with NaF-ZrF 4-UF 4 (50-46-4
mole %, fuel 30). The pump was stopped for re­
pairs to the cooling coils which hod been over­
heated when a water main broke and interrupted
the water supply. The pump could not be restarted,
presumably because the overheating had damaged
the bearings.

The pump was therefore cut open for examination
and is shown in Figs. 4.1.22, 4.1.23, and 4.1.24.
The design of this canned-rotor pump may be seen
in the cross-sectional cut shown in Fig. 4.1.22.
The ZrF4-vapor control features of this design are

Fig. 4.1.22. Cross-Sectional Cut Through Pump for

Vertical In-Pile Loop Which Circulated NaF.ZrF 4- UF4

(50-46-4 Mole %) for 3525 hr at 15700 F Out-of-Pile. The

material in the liquid passages is solidified fuel.

(Secret with caption)
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above should fall between the baffle and the shaft.
Every surface on the fuel side of this baffle should
be above the vapor-deposi tion temperature. Th i s
temperature is about 1370°F for fuel 30 at 1570°F
(ref 13). The vapor-deposition isotherm, shown in
Fi g. 4.1.22, was deduced from the location of
vapor deposits in the pump, and it is approximately
at the design point. The small amount of vapor
which diffuses through the baffle is spread over
the large surface provided for that purpose above
the isotherm and below the lower bearing. Heavy
local deposits which could stop the shaft after
short running times are thus avoided.

The distribution of vapor deposits is shown in
Figs. 4.1.23 and 4.1.24. The spongy masses
above the baffle are fine needle crystals, loosely
clustered, that resemble hoarfrost. These de­
posits did not touch the shaft or the baffle. The
deposit just below the bearing was about as hard

as chalk and about ~6 in. thick. The deposit at
the top of the fuel chamber was qu i te dense and
hard. The growing surface had reached an equilib­
rium position where its temperature was just equal
to the vapor deposition temperature. No vapor

13M• H. Cooper, ANP Quar. Prog. Rep. June 10, 1956,
ORNL-2106, p 65, esp. Fig. 1.4.12.

depos it was found on the shaft near the baffle, and
no scratch marks could be seen on the two facing
surfaces of the shaft and boffle. Hydrodynamic
performance tests, thermal mockup tests, and
bearing tests of this pump were described pre­
viously.14

Examination of the furnaces used in this bench
test, which Were identical with the furnaces to be
used in-pile, showed several points where foreign
materials deposited and caused sections of the
furnace to burn out. Analyses of these deposits
showed them to be from soft solder and flux used
in the attempted emergency repair of the cooling
coils. No traces of other construction materials
were found in these depasits.

Assembly of L1TR Vertical Loop

The in-pi Ie loop (No. A-S) being assembled for
operation in the L1TR was filled in a dry box and
run out-of-pi Ie wi th temporary heaters and thermo­
couples for 3 hr at temperatures up to 1630°F.
Permanent heaters and thermocouples were then
installed. The loop is shown in Fig. 4.1.25 at
at two stages of assembly.

14W• E. Browning et ai., ANP Quar. Prog. Rep. Sept.
10. 1956, ORNL-2157, p 245.

UNCLASSIFIED
PHOTO 19587

Fig. 4.1.25. Vertical In-Pile Loop A.a at Two Stages of Assembly.
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The loop control system at the L1TR is being
inspected and readied for operation, and two modi­
fications are being made. Provision is being made
for adjusting and monitoring the distribution of
cooling air between the two legs of the loop. Also,
a reservoir is being connected into the cooling
water system, and a means is being provided for
automatically actuating a circulating pump if the
main water supply is interrupted.

Irradiation Facilities in Oak Ridge Research
Reactor

In cooperation with the ORNL Operations and
the Engineering and Mechanical Divisions, facili·
ties are being planned for the future operation of
a miniature corrosion-testing loop in the Oak Ridge
Research Reactor (ORR). The routing of instru­
ment and power leads, locations of off'gas lines
and carbon traps, location of the motor-generator
set, location of a fail-safe nitrogen supply, and
design of the reactor vessel flange seal for the
leads are being worked out. A new control panel,
to be located in a third floor laboratory in the ORR
building, is being designed by the Instrument
Department.

INVESTIGATION OF SULFUR CONTAMINATION

OF A DRY BOX BY NEOPRENE RUBBER

W. E. Browning
R. E. Adam s H. L. Hemph iIt

During preparations for filling the vertical in.pi Ie
loop, it was discovered that, while under vacuum,
the interior of the dry box was contaminated by an
unknown gaseous sulfur compound. The presence
of the contaminant was manifested by the appear­
ance of a Cu 2S fi 1m on the copper-cool ing coi Is of
the loop assembly. The Cu 2S film was identified
by chemical analysis and x-ray diffraction.

The various lubricants and oils used in the
vacuum system and loop assembly were therefore
analyzed for sulfur, and the concentrations of the
sulfur found ranged from less than 10 to 92 ppm.
These quantities are to be expected in pump oils
and lubricants. Tests of the loop assembly elimi­
nated it as a source of the sulfur contaminant.
The helium supply was also investigated for sulfur
contamination by bubbl ing the hel ium through a

silver nitrate solution. No evidence of a silver
sulfide preci pitate was noted.

Access to the interior of the dry box is provided
by Neoprene rubber gloves. A glove and a copper

PERIOD ENDING MARCH 31,7957

specimen were enclosed in a vacuum system inde­
pendent of the dry box, and after severa I hours
under vacuum Cu 2S was found on the copper
surfaces. This indicated that the sulfur contami·
nant was present in the Neoprene rubber and was
liberated under vacuum. Sulfur is not used in
Neoprene as the vulcanizing agent, but organic
sulfides are used as a plasticizing agent. 15

The Inconel surfaces of the loop assembly were
investigated by electron diffraction. Samples of
the surface fi 1m were removed from the loop motor
assembly which had been exposed to the contami­
nated dry-box atmosphere. Simi lor samples were
removed from another motor assembly which had an
identical history except for exposure in the dry
box. These surface samples were removed by the
lacquer-stripping technique used in preparing rep­
Iicas for electron microscopy. The samples were
found to be identical, and crystalline sulfides of
nickel, iron, and chromium that were sought were
not found.

A sma! I sample of fluoride fuel was exposed over­
night to the contaminated dry.box atmosphere and
then analyzed for sulfur along with a control sample
of unexposed fuel. In both cases the sulfur con·
tent was found to be below the limit of measure­
ment (20 ppm S) of the analytical method being
used. Since the loop surfaces and the fluoride
fuel revealed no sulfur contamination, the filling
operation was completed and the loop was removed
from the dry box.

In the case described the quantity of sulfur com­
pounds present was not considered to be harmful,
but elimination of contaminants would be desirable,
and various methods are being studied. The avail­
able sulfur content of the gloves might be removed
by chemical treatment without changing the physical
characteri sties of the gloves, and, al,though di Hi·
cult, the Neoprene gloves might be replaced \Yith
gloves of another suitable material.

EFFECT OF RADIATION ON THERMAL-NEUTRON

SHIELD MATERIALS

J. G. Morgan
R. M. Carroll M. T. Morgan

P. E. Reagan

Irradiation exposures of nine Cu-B
4
C samples

were completed in the MTR, and examinations of

15S• S. Rogers (ed.), The Vanderbilt Rubber Handbook,
p 47-48, R. T. Vanderbilt Co., New York, 1948.
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six of the samples were nearly completed. The
results of the examinations 16 showed essentially
no changes in dimensions, weight, and density
after irradiation. There was some scatter of the
data, however, as a resu It of s Ii gh t oxi dati on of
the samples. Hardness data are given in Table
4.1.4. The dimensions of the shielding elements
tested in these irradiations were 0.1875 x 0.500 x
0.102 in. The core of each specimen was 0.082 in.
thick and consisted of a copper matrix with a
6.6 wt % B4C dispersion. The core was doubly
clad on two faces with 3 mils of copper and 7 mils
of type 430 stainless steel. The core was exposed
on the four remaining edges.

Samples 4,5, and 6 were irradiated simultaneously
at 200°C for 322 hr in position A-39 of the MTR.
The maximum temperature reached was 220°C. The
samples experienced three temperature cycles at

16Hardness and metallographic data obtained by A. E.
Richt and reported in Metallographic Examination 01
lrradiated Cermet Shielding Materials - Report No.2,
ORNL CF-56-12-105 (Dec. 18, 1956) and Metal/ographic
Examination 01 Irradiated Cermet Shielding Materials ­
Report No. 3. ORNL CF-57-2-33 (Feb. 7. 1957).

a rate of less than lOO°C/min. The aver<.ge burnup
of the B1a atoms was estimated to be 7%.

No apparent structural changes occurred as the
result of irradiation, as shown in Fig_ 4.1.26. The
cores of both irradiated and control specimens
were examined at both high and low magnifications,
and no evidences of cracking, blistering, or
porosity were apparent in either the copper matrix
material or in the boron carbide particles. Also,
there was no reaction between the boron carbide
particles and the copper matrix. The typical
appearance of the stainless-steel-to-copper-to-core
bond is shown in Fig. 4.1.27. There were no
evidences of blistering, cracking, or separation of
the cladding-to-core bonds.

Samples 1, 2, and 3 were irradiated at 420°C for
929 hr in position A-28 of the MTR. The mClximum
temperature reached was 580°C. An isotopic
analysis showed an 18% average burnup of the B 10

atoms.
Hardness measurements made on the stainless

steel cladding (Table 4.1.4, sample 2) indicated a
large increase in hardness as the result of the

Table 4.1.4. Results of Hardness Measurements of Cu-B4C Samples 4 and 2

Knoop Hardness (l-kg load)

Location of Impression Average Before

Irradiation

Average After

Irrad iation
Change

Percentage Increase

or Decrease After

Irrad iati on

Type 430 stainless steel cladding

Copper cladd ing

Core

Center

Edge

Type 430 stainless steel cladding

Copper cladd ing

Core

Center

Edge

258

Sample 4

139

64

76

76

Sample 2

139

64

76

76

166

76

102

108

186

65

70

78

+27

+12

+26

+32

+47

-1

-6

+2

+19

+19

+34

+42

+34

-2

-8

+3
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Fig. 4.1.26. Typical Core Structures of (a) Unirradlated and (b) Irradiated Cu.B4C Shielding Elements. 500X.

Reduced 13%.
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Fig. 4.1.27. Care.to-Cladding Interface of a Cu.B4C Shielding Element (a) Before and (b) After Irradlatian.

500 X. Reduced 27.5%.
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irradiation that was significantly greater than the
increase noted in the examination of samples 4, 5,
and 6. The copper cladding and the core of the
specimen showed no significant changes in hard­
ness. Although the center of the core decreased
in hardness, it is felt that this was the result of
the severe cracking, which could cause erroneous
measurements.

The ends and sides of specimens 1, 2, and 3 are
shown in Fig. 4.1.28. The core cracking and the
core-cladding separation apparent in all specimens
varied in degree from specimen to specimen. Speci­
men 2 was selected for metallographic examination,

and typical sections of the core are shown in Fig.
4.1.29. The particular area shown in Fig. 4.1.29
gives no evidence of cracking or porosity of either
the boron carbide particles or the copper matrix

material. However, as the etched photomicrograph
shows, the etching revealed a heavily attacked
area immediately adjacent to the B4C particles.
In addition the structure of the copper matrix
appears to be somewhat disturbed when compared
with the structures obtained in irradiated specimens
4, 5, and 6. Both these conditions were noted
throughout repeated pol ish ing and etch ing.

Longitudinal cracks were found in the core at
both ends of the specimens, which usually started
at the center of the core and progressed approxi­
mately one-fourth the length of the specimen. A
typical crack is shown in Fi g. 4.1.30, and the
intergranu lar attack in the vic in ity of the crack is
shown in Fig. 4.1.31.

Significant core-cladding separation was found,
as shown in Fig. 4.1.32. It is interesting to note
that no evidence of separation was found at the
stainless-steel-to-copper interface. Occasional
large voids and partia I intergranu lar separation
were noted in the grain boundaries of the copper
cladding, as shown in Fig. 4.1.33. Examination
of the entire length of a specimen indicated that
the core-cladding separation was approximately
70 to 80% complete.

FUSED SALT POLAROGRAPHY

R. J. Carter

The applicabi lity of polarographic techniques to
the study of the fission-product chemistry of fused
salts is being investigated. The polarograph which
is being used is simi lar to that used in aqueous

260

polarography; however, the high electrical con­
duc ti vi ty of the fused sa Its as compared wi th
aqueous solutions makes it impractical to vary
the potential applied to the polarographic cell
I inearly with time. For this reason, current-voltage
curves are recorded wi th an X-Y recorder rather
than with a conventional strip-chart recorder.

Both silver and platinum microelectrodes of
various sizes and shapes are being tested for use
as cathodes. The platinum crucible which contains
the fused salt is used as the anode. The platinum
crucible is mounted in an Inconel container which
can be filled with helium in order to maintain a dry,
inert atmosphere around the fused salt. The neces­
sary electrical connections are made by using
Kovar seals which are soldered into the Inconel
can. Vertical movement of the microelectrode is
accomplished by mounting the electrode support
on a flexible bellows.

In order to test the equipment, current-voltage
curves were obtained at 350°C for several solu­
tions containing from 0.4 to 1.0 parts per thousand
of cadmium chloride dissolved in potassium nitrate.
Five or six current-voltage curves were obtained
for each solution. The reproducibility of the
curves was good in the initial portions but poor in
the diffusion-current region, where large fluctua­
tions in current were observed. The fluctuation of
the diffusion current has since been found to be
caused by vibration of the laboratory floor, and a
suitable means for shock mounting of the furnace
used to heat the fused salt is presently being
sought.

NEUTRON FLUX STUDIES

D. Binder J. F. Krause 17

The rapidity of effects on germanium diodes and
transistors in the donut of hole 51N of the ORNL
Graphite Reactor led to an investigation of the
variation of neutron flux along the hole. A pre­
liminary slJrvey was made with sulfur and cadmium­
covered gold detectors, and the results are shown
in Fig. 4.1.34. The relative activities of the de­
tectors are plotted against distance from the con­
crete shield, and the last point is 11 in. out from
the edge of the donut, the position described pre­
viously as outside the donut. 18 From this position

170n assignment from Pratt & Whitney Aircraft.

18 D• Binder and J. F. Krause, ANP QuaT. PTog. Rep.
Dec. 31. 1956. ORNL-2221, p 308.
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Fig. 4.1.28. MTR·lrradiated Cu.B4 C Specimens. (a, h, c) Ends of specimens 1, 2, and 3. 13X. (d, e, f) Sides

of specimens 1, 2, and 3. lX.
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Fig. 4.1.29. Core of MTR-Irradiated Cu-B4C Specimen No.2 Showing Heavily Attacked Areas Adacentto

B4C Particles. (a) As-polished. (b) Etched. 500X. Reduced 19%.

Fig. 4.1.30. Core of MTR-Irradlated Cu-B4C Specimen No.2 Showing a Typical Fracture. (a) As-polished.

(b) Etched. 250X. Reduced 18%.
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Fig. 4.1.31. Core of MTR-Irradiated Cu.B4C Specimen No.2 Showing Intergranular Attack in Vicinity of a

Fracture. (a) As-pol ished. (b) Etched. SOOX. Reduced 20%.
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Fig. 4.1.32. MTR·lrradiated Cu.B4C Specimen No.2 Showing Core.cladding Separation. (a) As-polished.

(b) Etched. 2S0X. Reduced 18%.
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Fig. 4.1.33. MTR-Irradiated Cu-B4C Specimen No.2 Showing Voids and Partial Intergranular Separation In

Grain Boundaries of Copper Cladding. (a) As-polished. (b) Etched. 500X. Reduced 19%.
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to the center of the donut, both Np2 37 neutron de­
tectors and carrier concentrations in n-type ger­
manium indicate an increase in activity by a
factor of 3 (ref 18).

The $32(n,p}p32 reaction has an effective thresh­
old of 3 Mev, and Au 198 has a strong resonance at
5 eVi therefore the two detectors are sensitive to
the two extremes of the reactor spectrum. The gold
detectors show a s~ooth increase with distance
from the shield (the curve is drawn through these
points). The sulfur points, in general, fall below
the gold points outside the active lattice (24 in.
from the shield). The two detectors are normalized
at the innermost position. It would be of interest
to compare these variations with a variation in
radiation effects. The latter would presumably
fall between the detector variations.

o 20 40 60 80
DISTANCE FROM SHIELD (in.)

100

Fig. 4.1.34. Relative Activities of Detectors in Hole

51 of the ORNL Graphite Reactor vs Distance from

Shield Face.
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19J • C. Pigg et al•• ANP Quar. Prog. Rep. Dec. 31.
1956, ORNL·2221. p 309.

Minority Carrier Lifetime Measurements in
n.Type Germanium

Sample Sb-28A-3 was irradiated with fast neutrons
in the animal tunnel of the ORNL Graphite Reactor.

EFFECTS OF RADIATION ON ELECTRONIC

COMPON EN TS

J. C. Pigg

This sample, which had an original carrier con­
centration of 3 x 1014 carriers/cm 3, was irradiated
unti I it became intrinsic.

Initially, very slight irradiation produced large
changes in the hole lifetime. Since the initial
lifetime was 1010 /lsec, it can be seen from Fig,
4.1.35 that the hole lifetime changed by about a
factor of 5 for a dose of 1011 fast neutrons/cm 2,

which produced a change in carrier concentration
of only 0.1%. The plot of hole lifetime vs fast­
neutron dose in Fig. 4.1.35 shows a simple power
dependency, but the straight line produced does
not have a slope of unity, but rather 0.7.

The departure of the data from the straight line
at the higher doses was to be expected as a result
of the change in the carrier concentration. The
minority carrier lifetime depends inversely upon the
carrier concentration when the material is near the
intrinsic range. The removal of carriers thus
becomes important for this sample after a dose of
10 17 neutrons/cm 2•

Variations in the surface recombination velocity
would tend to give scatter in the data for long

c. C. Robinson
O. E. Schow

O. Curtis

Measurements of the effect of irradiation on the
minority carrier lifetime in n-type germanium were
continued. 19 The hole lifetime for several samples
was measured before and after a series of irradia­
tions in the ORNL Graphite Reactor and in a C0 60

gamma-ray faci lity.
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minority carrier lifetimes. Therefore, the initial

points in Fig. 4.1.35 show scatter for points where

the diffusion length of the minority carrier is of the

same order of magnitude as the cross sectional

dimensions of the sample.

The results of a series of irradiations in a C0
60

gamma-ray source of two samples of a second ingot

obtained from The Eagle Picher Company are shown

in Fig. 4.1.36. The original carrier concentration

of the material used was about 1.5 x 10 14 carriers/

cm 3 • Sample EP2-3 was irradiated until it became

intrinsic. The behavior is quite simi lar to that

for neutron irradiation, except for one striking

difference. In order to obtain the same change in

hole lifetime with the use of gamma rays, a much

larger percentage of the carriers must be removed.

The reason for this should be indicated by the

type of damage produced. The slope of the curve

is somewhat less than the slope of the curve for

neutron irradiation, being in this case about 0.6.
The role which the initial carrier concentration

plays is being investigated with samples of widely

varying resistivity. Measurements are also being

made with a Cs 137 gamma-ray source.

Diode Irradiations

It was shown previously20 that the reverse

voltage-current characteristic curve of a germanium

diode is sensitive to C060 gamma-rays. In the

previous experiment, the forward and reverse

currents were measured at a fixed voltage bias. In

20J • C. Pigg and C. C. Robinson. ANP Quar. Prog.
Rep. June 10. 1956. ORNL·2106. p 244.
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order to differentiate between barrier current and
surface-leakage current, a 1N 38 diode was ex­
posed at a dose rate of 500 r/hr in a C0 60 facility.
Data for a complete characteristic curve were
obtained up to a maximum bias of 1.5 v. From
these data, the saturation current intercept, /0' and
the surface-leakage current, / L' can be obtained.

The saturation current intercept is obtained by
extrapolating the saturation part of the reverse

characteristic back to the origin. This value, /0'
enters into the diode equation for the reverse biased
condition as follows:

where

/ current through barrier at voltage V,
q electronic charge,
k Boltzmann constant,
T absolute temperature.

The parameter /0 appears in transi stor considera­

tions as the cutoff current / co' where / co is the
collector current with zero bias on the emitter.

The change in /0 as a function of the C0 60

gamma-ray dose for a 1N 38 diode is shown in
Fig. 4.1.37. The change in /0 is rapid during the
initial part of the irradiation but tends to saturate
as the exposure continues. Previous experiments
with 1N 38-A diodes showed a maximum in the
reverse current after about 1.7 x 107 r. The 1N 38
showed no maximum in /0 after 4 x 107 r. Since

these diodes are commercial units, there is no
indication of the initial carrier concentration or the
initial mobility. Thus there is no reason to expect
that the maximum observed previously20 would

occur at the same integrated exposure for a different
type of unit.

Upon removal from the gamma-ray source, the
change in /0 indicated that an annealing process
was taking place in the barrier. As can be seen
from Fig. 4.1.38, recovery of the unit was not
complete, and the annealing was not a simple
first-order process. The minimum in /0 after 125 hr
of annealing may be real.

The surface-leakage current, / L' is obtained by
subtracting /0 from the reverse current measured at
a bias of 1 v. The value / L may thus be considered
to be the leakage conductance. The change in / L

as a function of exposure is shown in Fig. 4.1.39.
It can be seen that / L saturates after a rapid initial
increase of about one order of magnitude. This
saturation may ind icate that the depth of surface
attack is limited.

The annealing of / L upon removal from the gamma­
ray source, shown in Fig. 4.1.40, is complicated,
as it was in the case of /0. A definite minimum
can be seen at about 40 hr. The fact that annea ling
occurs ind icates that the surface leakage is not
caused by simple chemical attack alone. Since a
commercial unit is being studied, it is not practical
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Transistors

UNCLASSIFIED
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A G-E 2N 44 PNP fused-junction germanium
transistor was exposed in the ORNL Graphite

to isolate the different possible sources of surface
change or to study the surface directly.

Reactor. The I values for different voltages
co

were recorded as a function of exposure. Both
grounded-base and grounded-emitter connections
were used. The I values for the grounded-base

co
connection are the 10 values for the collector
barrier. It can be seen from Fig. 4.1.41 trat the
barrier 1

0
drops unti I after an exposure of about

8 x 1011 neutrons/cm 2• The leakage current, IL'
mentioned above would be reflected in the spacing

between the curves. The change in I L is small
compared with the change in 1

0
,

The I measuremen ts for the grounded-emi tter
co

connection are shown in Fig. 4.1.42. The general
shape of the curve is the same as that for the
grounded-base connection, but the change in leak­
age current is much more pronounced in the grounded­
emitter connection. The value of I L in terms of
leakage conductance, as defined above, varies from
3.4 x 10-6 amplv initially to a minimum of 1.4 x
10- 6 amplv at the minimum of the curve and in­
creases to approximately 4.2 x 10- 6 amplv after
an exposure to a therma I-neutron dose of 3.45 x 10 12

neutrons/cm 2 •

From the observations to date, it appears that the
manner in wh ich the characteristics of a junction
device change depends both upon the nature of
irradiation to wh ich the device is exposed and the
method by wh ich the junction is made. Qual itative
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Modifications to Hole 30 of the ORNL
Graphite Reactor

In order for measurements to be made on semi­
conductor components under irradiation, the ex­
posures must be conducted at flux levels one to
two orders of magnitude lower than those found in
the central region of the ORNL Graphite Reactor.
Unless s'uch low flux levels are used, the measure­
ments cannot be made in a time interval that is
short compared with the time interval which pro­
duces a significant change in the parameters being
measured.

If exposures are conducted in hole 51, where a
fission spectrum, a removal facility, and provisions
for instrumentation are available, the reactor must
be operated at power levels between 50 and 400 kw.
The time available for such operation is limited
and the reproducibility of flux levels is difficult.
Exposure near the periphery of the reactor causes
a positioning problem and provides an undesirable
ratio of thermal to fast flux.

In order to eliminate these disadvantages and to
supply several advantageous features, an exposure
device has been designed for use in hole 30N of
the Graphite Reactor, as shown in Fig. 4.1.44. The
device consists of a cart which may be moved from
a loading shield at the reactor shield face to a
fission chamber located inside hole 30N. The sam­
ple can be moved from the external shield to the
irradiation position in about 10 sec.

The fission chamber position may be adjusted to
give a range of flux levels. The external shield is
designed to facilitate removal of the fission
chamber should such action become necessary.
The sample may be installed and removed without
breaking the electrical connections. This will
make poss ible continuous read ings from the pre­
exposure to the postexposure periods.

DIELECTRIC CONSTANT AND LOSS TANGENT

OF IRRADIA TED PLASTICS AT MICROWAVE

FREQUENCIES

R. A. Weeks J. C. Pigg

Previous work indicated that reactor irradiation
causes changes in the dielectric properties of
polyethylene and Teflon. 21 The data showed
large changes in loss tangent after fast-neutron
doses of up to 10 18 neutrons/cm 2• The samples

21 R. A. Weeks, Solid Slale Semiann. Prog. Rep.
Aug. 30. 1954. ORNL·1762, p 113.
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Emitter Cutoff Current of 0 G-E 2N 44 PNP Fused­

Junction Germonium Transistor.

A Safe for Removal of Samples from the Reactor

The removal of samples from the ORNL Graphite
Reactor subjects the personnel engaged in the work
to beta and gamma irradiation from the activated
material being removed and to contamination by
the radioactive dust associated with the decay of
insulation. This problem is particularly acute
when samples must be removed from the reactor
loading face. As a first step in solution of this
problem, a sample removal safe was designed,
Fig. 4.1.43. The safe can be hand led by two men,
and yet it is thick enough to provide adequate
shielding for the levels of activity normally en­
countered. All access facilities can be operated
by one man. The device can be used either at the
reactor loading face, or, by transferring to another
dolly, at holes 50, 51, and 52. Provision has been
made for vacuum removal of radioactive dust and

particles throu9l numerous access ports.

trends in behavior can be establ ished by using
commercial units, but the quantitative data neces­
sary for re liable interpretati on of the effects wi II
require the use of ingots or samples specifically
prepared for such an investigation. In particular,
it must be possible to control the history of the
sample surface. The samples would be constructed
so that the conductivity of the base material
could be determined.
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were irradiated in a water-cooled facility in the

ORNL Graphite Reactor. Examination after reo

moval from the reactor revealed evidence of water

in some of the containers. The presence of

moisture raised a question as to the amount of

water absorbed by the specimen during the irradia­

tion. The available evidence indicated, however,

that the observed changes were not due to water

absorption.

These studies were resumed during the quarter

with exposures of Teflon, polyethylene, polystyrene,

unfilled phenol formaldehyde, and nylon in a C0 60

gamma-ray facility. The irradiation temperature

was approximately 25°C. The only moisture

present was that in the atmosphere. The same

sample was used for an entire series of irradia­

tions. The low temperature, absence of moisture,

and use of the same sample throughout the experi­

ment served to increase the reliability of data

compared with that reported previously.21

The change in loss tangent of polyethylene at

various frequencies as a function of the C0 60

gamma-ray dose is shown in Fig. 4.1.45. Similar

data for Teflon, polystyrene, nylon, and phenol

forma Idehyde are shown in Fi gs. 4.1.46 through

4.1.49. It is evident that the irradiation had a

large effect on the loss tangent of polyethylene

and Teflon but only a small effect on polystyrene.

The nylon and phenol formaldehyde samples have

not yet received sufficient irradiation to produce

a marked change in loss tangent. On the basis of

the results in polyethylene, the nylon and phenol

...

100

200

500

600

UNCLASSIFIED
ORNL-LR-DWG 20395

>-­z
~ 400
z
<[
>--
if) 300
if)

o
..J

I x 10-4) ,---,---:-r7"T1-;;---,----r--.TTn-;---,---,--TT--:-m

I +++++1-ti---.!-+!---l-:1 -Hl
+++++tt---_. 800 me I ..

.1000 me Ll
• 3000 me

l' • 8500 me -

- I r I I .. - -t t +11
-1-7..t!~ElrRlrlDr·IATION VALUEj . I ~_I_~
:,V '. . 'J~'-'I II
:1 1111 I ;1111,-:=( li-r

L
.

o '--_'---'-----'--LLL.L... -.l...Ll..'-'-_-'---l.....J....................'

0,1 0,2 0.5 1.0 2,0 5.0 10,0 20,0 50,0 Ix 107
)

GAMMA-RAY DOSE I r)

0.5 W 2.0 5.0 10.0 20.0 50.0 Ix 107)

GAMMA- RAY DOSE (r)

5

o
01 02

>-- 20
;z
w

'"zf'! 15 I
(f)
if)

3

UNCLASSIFIED
~NL-U~-O\,¥(i 2.0392

Ix 10-
4) 'I--,---r....,....T""T",..,..,.r--~-,-r:--n-n----r-.~---rTT,----,

I

251

Fig. 4.1.45. Effect of C060 Gommo Irradiation on the

Loss Tangent in Polyethylene.
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formaldehyde wi II need approximately twice the

present integrated dosage to produce a significant

change.

The changes in loss tangents of polyethylene

and Teflon appear to be frequency sensitive; the
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greatest change occurred at 800 mc. There was

evidence of this frequency dependency in the

reactor-irradiated spec imens di scussed above. On

the basis of the change in attenuation observed 22

in polyethylene cable measured at 4 mc and the

results shown in Fig. 4.1.45, it seems clear that

the loss tangent of irradiated polyethylene has a

maximum in the frequency range between 4 and

800 mc. Such a maximum probably exists also for

Teflon. Measurements in this frequency range are

needed to substantiate these conclusions•

Any changes in the dielectric constants of the

five materials studied are less than the error of

measurement. Since the limit of accuracy of the

present measurements of dielectric constants is

5%, changes smaller than this value would not be

observed. In the case of Teflon there is a con­

sistent trend in the data which suggests that a

change in dielectric constant may occur.

Fig. 4.1.49. Effect of C060 Gamma Irradiation on the

Loss Tangent in Phenol Formaldehyde.

22 R• A. Weeks and D. Binder, Effect of Radiation on
the Dielectric Constant and Attenuation of Two Coaxial
Cables. ORNL-1700, p 11 (March 2, 1954).
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4.2. FUEL RECOVERY AND REPROCESSING

R. B. Lindauer

D. E. Ferguson W. K. Eister H. E. Goeller

PILOT PLANT passed through the nickel mesh of the vapor trap;
this material could not be blown off the walls
but it was easi Iy wiped off. '

1Consul tation wi th E. N. Skinner of International
Nickel Company.

SULFUR EMBRITTLEMENT OF NICKEL

M. R. Bennett E. E. Hoffman
G. I. Cathers R. L. Jolley

L. R. Trotter

The embrittlement of nickel and of high-nickel­
content alloys by sulfur was investigated chem­
ically and metallurgically to determine the
importance of the effect in volatility processing.
Experiments with fused salts to which known
amounts of sulfur were added showed that nickel
foil is sensitive to sulfur concentrations as low
at 5 ppm. Under ordinary conditions, however,
in equipment with heavy nickel walls, a sulfur
concentration of 200 to 500 ppm is necessary
to produce severe embrittlement. The su Ifur effect
is cumulative, as indicated in a -consultation
with an Internationa I Nicke I Company repre­
sentative,l and there is danger of sulfur buildup
in fused-salt treatment vessels as a result of
processing many batches with small sulfur contents.
Evidence has been obtained, however, that the

sulfur content of the fused salt can be reduced
to a harmless level by one exposure to nickel
equipment. The mechanical effect of sulfur em­
brittlement was found to be much less on Inconel
than on n icke I.

Metallurgical examinations were made of spec­
imens from 0.035-in.-wall nickel test capsules
that had been exposed to sulfur-contaminated
fused salt mixtures for 3 hr at 700°C under the
conditions given in Table 4.2.1. The sulfur was
added in the elemental form and as Na 2S04 to
salt mixtures that initially contained less than
50 ppm. The inner walls of the capsules used
in all the tests showed a characteristic type of
cracking when bent, as shown in Fig. 4.2.1. No
appreciable difference was evident in the degree
of damage to the walls of the capsules (specimens

W. H. Lewis
J. T. Long
F. W. Miles
S. H. Stainker

L. Whitmarsh

J. E. Bigelow
F. N. Browder
W. H. Carr
R. B. Keely

C.

Construct ion of the fused sal t-f1 uoride volat i Iity
pilot plant is essentially complete, with the
exception of facilities for handling ARE fuel,
which will not be installed until runs with non­
irradiated material are completed. In studies
of the fluorine disposal system it was found that
fluorine can be satisfactorily scrubbed from the
off-gas stream at normal process flow rates with
the use of only three of the seven spray nozzles
in the scrubber.

The molten-salt handling equipment was tested,
and the stainless steel vessel for melting the
charge suffered heavy corrosion. After three test
melts were prepared, the salt outlet of the vessel
plugged. The stainless steel vessel will be
replaced with a nickel vessel. The remainder
of the molten-salt system (fluorinator, waste can
and carrier, autoresistance heated lines and
freeze valves) handled the molten salt in a ~anner
which wi II be acceptable for operations.

Heating- and cooling-cycle studies were started
on the NaF absorbers and on the cold traps.
Results of the first tests indicate that the heating
time for the absorbers as designed may be ex­
cessive and that neither the S-in. K-25 cold trap
nor the 6-in. ORNL-designed cold trap wi II reach
design temperature. Further studies are in progress
in order to determine the modifications and op­
erating techniques necessary for satisfactory
operation.

In one of the test runs, the molten salt NaF­

ZrF 4-UF 4 (56-37.5-6.5 mole %, fuel 108) was
sparged in the f1uorinator at 6000C for 7.5 hr
with N2 at a rate of 2 scfm. (The plant fluori­
nation cycle is expected to be 2 hr of sparging
with F 2 at a rate of 1.7 scfm.) An analysis of
the deposit in the vapor trap indicated that salt
entrainment and ZrF 4 vaporization from the salt
were of the same order of magnitude. Some material
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Table 4.2.1. Conditions of Tests of Nickel for

Determining the Effect of Sulfur on the

Mechanical Properties

T est temperature: 700GC

T est period: 3 hr

Sulfur added: 500 ppm

Test F used Sa It

Capsule Composition Sulfur Added As

Designation (mole %)

A NaF-ZrF 4 (50-50) Elemental sulfur

B NaF-ZrF 4 (50-50) Na 2S04

C NaF-ZrF 4- UF 4 Na2S04
(50-46-4)

E NaF-ZrF 4- UF4 Elemental sulfur

(50-46-4)

PERIOD ENDING MARCH 31,1957

( and E) exposed to Na 2S04 or to free sui fur

added to NaF-ZrF 4-UF 4 (50-46-4 mole %, fuel 30).

An additional heat treatment for 50 hr at 700ac in

vacuum resulted in typical homogeneizotion (Fig.

4.2.2). Further evidence of the degree of sulfur

embrittlement is shown in photomicrographs of

as-received material and of specimens from two

of the tested capsules (Figs. 4.2.3, 4.2.4, and

4.2.5).

In additional tests at 6000(, 50-mi I nickel wire

specimens were exposed in nickel capsules to

NaF-ZrF4 (50-50 mole %, sah 31) with known

additions of free sulfur or Na 2S04. The nickel

wire was moderatel1Y embrittled in a 1-hr test

In a fused salt mixture that contained 250 ppm

of sulfur as anhydorus Na 2S04 , whereas 100 ppm

of sulfur caused slight embrittlement in the same

period. Repeated additions of 100 ppm of sulfur

as Na 2S04 at 1-hr intervals to the same salt

mixture produced severe embrittlement at a total

Fig. 4.2.1. Results of Bend Tests of Specimens Cut from Walls of Nickel Test Capsules That Were Exposed

to Sulfur-Containing Fused Salt Mixtures. Specimen F is as-received material. (Confidential with caption)
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Fig. 4.2.2. Bend Test Specimens Shown in Fig. 4.2.1 After an Additional Heat Treatment of 50 hr at 7000 e
in Vacuum. Note typical homogeneization that resulted from the heat treatment. (Confidential with caption)
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Fig. 4.2.3. Specimen from Inner Wall of an As-Received Nickel Test Capsule. Etchont: KCN-(NH
4

)2 S2 0 Bo
500X.

276



PERIOD ENDING MARCH 31,1957

.013

.014

3-••.007

1

.008

.j
4.v12

..

.014

I
.01B

)(

I ~ . (c)

--."
(b)

.003

I
.004

.001

i ~~
-0

on

/

l.' ...../

\ .,
(

!~,I
• , I.

\(\' ,
,,~.~(!

...,.

(0)

Fig. 4.2.4. Specimen from Inner Wall of Nickel Capsule A (See Table 4.2.1) That Was Exposed for 3 hr at

700°C to NaF-ZrF 4 (SO-SO Mole %, Salt 31) Containing 500 ppm of Elemental Sulfur. (a) As-tested wall - note

nickel sulfide compound formation in grain boundaries. 500X. (b) As-tested and bent. 250X. (c) As-tested, heat

treated at 700°C for 50 hr in vacuum, and then bent. 250X. Etchant: KCN-(NH4)2S20S' Reduced 11.5%. (Confi­

dential with caption)
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Fig. 4.2.5. Specimen from Inner Wall of Nickel Capsule B (See Table 4.2.1) That Was Exposed for 3 hr at

700°C to NaF·ZrF 4 (50-SO Mole %, Salt 31) Containing 500 ppm of Sulfur as Na 2S04• (a) As-tested wall. 500X.

(b) As-tested and bent. 250X. (c) As-tested, heat treated at 700°C for 50 hr in vacuum, and then bent. 250X.

Etchant: KCN-(NH4)2S20s. Reduced 13%. (Confidential with caption)
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OXIDATION RESISTANCE OF ALLOYS IN
FLUORIDE SYSTEMS

balance experiment with an Inconel capsule also

showed that only a fraction of the sulfur actually

transferred from the salt to the metal. With 100

ppm of sulfur in NaF-ZrF 4 at 600°C and a salt-to­

metal ratio of 160:1, the sulfur actually found in

the Inconel after a 4-hr exposure accounted for

only 3% of the sulfur in the original salt mixture.

The sulfur content of the Inconel increased from

less than 130 ppm to more than 630 ppm, as

determined by activation analyses.

The gas-phase oxidation resistance of types

316 and 347 stainless steel was found to be quite

unsati sfactory in tests of their use as possible

container materials for molten NaF-ZrF 4-UF 4

at 12000F. Inconel was also attacked to an

unusual extent in these tests. Nickel showed

the least corrosion effect. This study was made

to evaluate the corrosion effects observed in one

of the stainless steel vessels for melting salt

mixtures in the volatility pilot plant. The low

oxidation resistance of stainless steels in contact

with fluoride-bearing vapor is in marked contrast

to the usual resistance of stainless steels at

high temperatures. The fluoride presumably acts

as a destructive agent for the protective film of

chromium oxide believed to exist on stainless

steel surfaces.

The tests consisted in holding corrosion speci­

mens partly immersed in molten NaF-ZrF 4- UF 4

(nominal composition, 48-48-4 mole %) at 650°C

while bubbling gas through the salt mixture. The

first test was made with air that had been passed

through Drierite to determine whether the stainless

steels retained any of their typical corrosion

resistance under these conditions (Fig. 4.2.6).

After 2 hr all the iron-containing alloys (stainless

steels and Inconel) had scale above the salt line.

The scale, which was strongly magnetic, was

thick on the stainless steels, in contrast to the

small amount on the Inconel and none on the

nickel. A second test with nitrogen dried with

Drierite showed similar results after 16 hr (Fig.

4.2.7). In this test, as in several runs carried

out with helium, there was, unfortunately, some

back-diffusion of air into the reactor as a result

of the low flow rate and a leak at the flange.

Another test with nitrogen at a higher flow rate

ANP PROJECT PROGRESS REPORT

sulfur concentration of 300 to 500 ppm. These

tests of 50-mil wire, which indicated that the

embrittlement was sl ight at concentrations of

less than 100 ppm sulfur, were not considered

to be sufficiently sensitiv~ because the em­

brittlement was limited to the outer surface of

the wire and there was a large loss of sulfur into

the walls of the nickel container. Therefore a

more senstive type of test was performed in which

a strip of 5-mil nickel foil (weight of 1- by 2-in.

sheet, "v 1.5 g) was immersed in 150 g of salt

contained in a graphite reactor. A nitrogen at­

mosphere was maintained above the salt. In

this test the sulfur concentrates in the nickel

foil, since the salt-to-nickel ratio is maintained

at about 100: 1. A major portion of the 5-mi I foi I

is available for sulfur penetration in a few hours

in this test if a diffus ion rate of 0.4 mi I/hr is

assumed. 1

A 2-hr test of foi I at 600°C in a salt mixture

containing 100 ppm of sulfur as Na 2S04 resulted

in essentially complete loss of mechanical strength,

and the foil broke under very slight stress. The

embrittlement became progressively less as the

sulfur concentration was decreased to 1 ppm.

When no sulfur was added to the salt, a foil im­

mersed 18 hr retained its mechanical strength,

but there was evidence of some embrittlement

at the sa It-vapor interface. A comparative test

with 5-mil Inconel foil in a salt mixture con­

taining 100 ppm of sulfur resulted in almost no

embrittlement, in confirmation of previous ob­

servations that some types of nickel alloys are

more resistant than pure nickel to the sulfur

effect.

The effect of sulfur on nickel IS believed to

be dependent on the initial chemical state of the

sulfur and its subsequent reactions, as well as

on the rate of diffusion of sulfur or nickel sulfide

through the metal. Comparative time studies

indicate that in the case of Na 2S04 , 1 to 4 hr

is required for moderately complete reaction.

This was confirmed by studying the behavior of

tracer S35 in an experiment in which a total of

15 ppm of sulfur was added to the salt mixture.

The disappearance of the S35 activity was 90%

complete in 2 hr. Less than 5% of the sulfur that

disappeared was found in the walls of the nickel

capsule, and thus it appears that only a small

part of the sui fur present in the fused sa It actua lIy

causes the embrittl ing effect. A sulfur material

278

M. R. Bennett G. I. Cathers R. L. Jolley



PERIOD ENDING MARCH 37,7957
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PHOTO 19471
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OAK RIDGE NATIONAL LABORATORY

Fig. 4.2.6. Specimens That Were Partly Immersed for 2 hr In NaF·ZrF...UF .. Through Which Air Was Being

Bubbled.

to minimize air back-diffusion resulted in prac­
tically no buildup of scale in 26 hr. For this
test the nitrogen was dried with Anhydrone and
then passed through copper foi I at 750°C to remove
any traces of oxygen.

In a/l tests in which there was much scale
formation, there was a Iso an occumu lation of
solids around the bottom of the specimen below
the salt surface (Figs. 4.2.6 and 4.2.7). This
material contained Zr0 2 , as determined by petrog­
raphic examination, possibly as a result of iron
or chromium oxides dropping into the salt from
the gas phase.

POROSITY AND DENSITY OF NaF

M. R. Bennett G. I. Cathers
R. L. Jolley

Porosity values were calculated from density
measurements on three lots of NaF obtained from
The Harshaw Chemical Co. No significant dif-

ferences were found among the three lots, one
of which was 12-20 mesh material to be used
in the pilot plant and the others were Ya-in.
pellets. Particle, bed, and over-all porosities
of 48, 33, and 65%, respectively, were found for
the 12-20 mesh granular material. A crystalline
type of NaF obtained from Allied Chemical & Dye
Corp. was observed to be much denser, having
an over-all porosity of 35 instead of 65%. The
over-a II poros ity is defined as the percentage of
total void space (bed voids plus particle voids)
in a bed of the material. The porosities were
calculated from determinations of the bulk densities
and the particle densities as given in Table 4.2.2,
along with the use of the crystalline or x-ray
density of 2.79 g/cm 3 . Weight-volume and dis­
placement methods of measuring density were
used in determining both the bulk and the particle
densities of the Yg-in. pellet material. Mercury
displacement was used in finding the particle
density of the 12-20 mesh NaF from Harshaw.
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Fig. 4.2.7. Specimens That Were Partly Immersed for 16 hr in NaF-ZrF 4"UF 4 Through Which Nitrogen Was

Being Bubbled.

Table 4.2.2. Results of Density Determinations on Several Lots of NaF

Particle Density (g/cm 3 )

280

Material

The Harshaw Chemical Co.

~.i·n. pellets, batch 2

~-in. pellets, batch 4

12-20 mesh pilot plant material

Allied Chemical & Dye Corp.

20-40 mesh material, batch 2955

Weight-Volume

Method

1.47

1.49

Displacement

Method

1.48

1.47

1.45

2.63

Bulk Density

(g/cm 3 )

0.94

0.97

1.81



The benzene displacement method had to be used
with the finer Allied material. The weight-volume
and displacement methods gave results that were
in close agreement. It is anticipated that the
porosity data will be useful in interpreting the
heat and material transfer problems associated
with the absorption-desorption process.

RUTHENIUM DECONTAMINATION

M. R. Bennett G. I. Cathers
R. L. Jolley

An experiment was conducted to test whether
the plating out of ruthenium on metal surfaces
could be used to achieve additional decontam­
ination in the volatility process. The column
used for the experiment consisted of a 12-in.
length of 1-in.·OD nickel tubing filled with 192 g
of \ 2-in.-OD 30-gage nickel Fenske pack ing
with a total area of 0.36 m2. This column was
placed between the second NaF bed and the UF 6

cold trap and was held at 120°C. It was used
for about 130 min in a desorption run, and it was

PERIOD ENDING MARCH 37,7957

not particularly effective in removing activity
from the UF 6 product collected. The decontam­
ination factor, calculated on the basis of the
activities found in the nickel column and in the
final product, was only 1.6. The activity in the
nickel packing was removed with an alkaline­
tartrate-peroxide solution, and the effectiveness
of this method has not been fully evaluated. About
0.025% of the processed uranium was found in
the nickel trap.

The low ruthenium decontamination in the nickel
trap is perhaps not too surprising in view of the
small amount of activity involved and the small
surface area used. The product contained only
28 ruthenium gamma counts per minute per mil­
ligram of uranium. The activity removed by the
nickel was calculated to be 200 counts per minute
per square centimeter of nickel surface. It is
anticipated that the removal of ruthenium with
a nickel column may be made more effective by
us ing a greater surface area or by operating at
a higher temperature.
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5.1. CRITICAL EXP ERIMENTS

A. D. Callihan

REFLECTOR-MODERATED REACTOR

EXPERIMENTS AT HIGH TEMPERATURES
The signi ficant results of the experiment are as

follows:

~

ORNL-LR-DWG 20263

10.97 wt % U (5.1 mole %

UF4)

12.20 wt % U

-0.47 ¢/oF, -3.6 x 10-5
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3A. D. Callihan et al., ANP QuaT. PTog. Rep. Sept. 10,
1955, ORNL·1947, p 58; ANP QuaT. PTOg. Rep. Dec. 10,
1955, ORNL·2012, p 71.

o
o 5 10 15 20 25

ROD POSITION, MEASURED FROM TOP OF ISLAND BERYLLIUM (in.)

At 1259° F with rod in­

serted to midplane

Rod value with rod in­

serted to midplane

Temperature coefficient

in range 1200 to 13500 F

(based on a delayed

neutron fraction f3 =

0.0075)

A similar experiment was performed in 1955 with
the ART core. 3 The critical concentration ob­
served then with the rod removed was 6.30 wt % U
(2.87 mole % UF 4) and the temperature coeffi cient
at about 12500 F was -2.3 x 10- 5 (~k/k)/°F.

D. Scott E. Demski 1

R. E. Malenfant W. J. Fader l

J. J. Lynn D. A. Harveyl
W. C. Tunnell E. V. Sandin

W. G. AI wang 1

The measurements of some of the nucl ear charac­
teri sties of the circulating-fuel reflector-moderated
reactor under study by Pratt & Whitney Ai rcraft
were completed. The assembly consisted of a
cylindrical beryllium central section or "island"
surrounded by an annular fuel region, which was
enclosed in a reflector of beryllium. Shells of
Hastelloy X separated the fuel from the beryll ium.
Control and safety of the experiment were effected
by a rod which could be positioned along the axis
of the island. The neutron-absorbing section of
the rod contained a mi xture of 30% rare-earth
oxides (samarium and gadolinium) and 70% nickel.
The reactor section of the assembly, which was
described in detail in an earlier report,2 was
mounted, wi th its axi s verti cal, above a tank in
which the molten mixture of sodium, zirconium,
and uranium fluorides was stored. The liquid
could be rai sed into the reactor by pressuri zed
helium. The equipment was operated at tempera­
ture s near 1250° F.

In the experimental procedure followed, the
system was first filled with NaF-ZrF 4 (SO-50
mole %) to which increments of NaF-UF 4 (66.7­
33.3 mole %, containing uranium enriched to
93.2% U235) were added until the system become
critical. The concentration was further increased
stepwise as the control rod was inserted to the
midplane. The value of the rod over the upper half
of its travel (Fig. 5.1.1) was determined from
period measurements and the inhour equation. The
temperature coeffi ci ent of reacti vi ty over the range
1200 to 13500 F was linear, within the preci sion of
the measurements.

10n assignment from Pratt & Whitney Aircraft.

2D. Scott et al., ANP QuaT. PTOg. Rep. Sept. 10,
1956, ORNL-2157, p 264.

Fig. 5.1.1. Effectiveness of the Control Rod in the

Pratt & Whitney High-Temperature Reflector-Moderated­

Reactor Critica I Assembly,
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5.2. SHIELDING THEORY

SUMMARY OF MONTE CARLO CALCULATIONS

OF GAMMA-RAY PENETRATION IN

MUL TlREGION SHIELDS WITH

SLAB GEOMETRY

S. Auslender 1 A. T. Futterer 1

Some of the calculations of gamma-ray shield
penetration that were performed with the use of an
Oracle code based on Monte Carlo techniques have
been published at intervals 2 during the past year.
A topical report is now being prepared which will
describe the Oracle code used for these calcula­
tions. 3 In addition, the results of all the calcula­

tions are being collected in a separate report con­
si sting of several volumes. 4 Since the results are
especially applicable to the ANP program, a
summary of the var iou s types of probl em sis pre­
sented here, along with correspondi ng references
to the data.

The summary (Table 5.2.1) designates the ma­
terials, thicknesses, gamma-ray energies, and
angles of incidence investigated. For all the
problems the information obtained directly from the
machine calculations includes dose rate, energy
flux, and energy deposition; for some problems it
also includes energy spectra. Dose- and energy­
builJhp factors, as well as heating in the shield,
may be computed directly from the information and
in some cases they have been. In the compil~tion
of data,4 compari sons of the shield attenuations
are also made.

Two studies, which have been designated the
CE 137 and COB60 seri es, respecti vel y, were
carried out to determine the penetration of Cs 137

IOn assignment from Pratt & Whitney Aircraft.
2S. Auslender, ANP Quar. Prog. Rep. March 10,

1956, ORNL-2061, p223; June 10, 1956, ORNL·2106,
p 266; Sept. 10, 1956, ORNL-2157, p 271; see also
S. Auslender, Appl. Nuc. Phys. Ann. Rep. Sept. 10,
1956, ORNL·20Bl, p lBO; see also S. Auslender, A
Monte Carlo Study 0/ the Gamma-Ray Energy Flux,
Dose Rate, and Buildup Factors in a Lead-Water Slab
Shield of Finite Thickness, ORNL·2194 (Jan. 10, 1957).

3S. Auslender, Instructions for the Operation of an
Oracle Code for a Monte Carlo Solution of the Transport
Problem {or Gamma Rays Incident Upon a Slab, ORNL
CF-57-6- (to be published).

4S. Auslender, Compilation of Monte Carlo Calcula-
tions of Gamma-Ray Penetration in Multiregion Shields
with Slab Geometry, ORNL-2310 (to be publ ished).
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and C060 gamma rays through slabs of polyethylene
and lead. The primary purpose of these calcula­
tions was to establish the validity of the calcula­
tional method by comparing calculated results with
results obtained in an experiment. The particular
experiment chosen was performed by the National
Bureau of Standards. S The results were in good
agreement.

Another calculation, designated the FAB series,
was performed to determine the effect of the extent
of lamination in a shield consisting of a total of
16 cm of water and 4 cm of lead. The materials
were subdivided and alternated (2 to 16 regions) to
mock up the progression toward a homogeneous
shield.

In another group of problems, the D02C55 series,
the effect of changing the relative amounts of lead
and water in a two-region shield that had a con­
stant mean free path thi ckness was investigated.
In thi s case no transmitted or reflected energy
spectra are avai Iabl e, as yet.

Two sets of problems identified as the AO and
the AB series, respectively, represent an exten­
sive study of shields consisting of 7, 14, and
21 cm of water with and without a O.l-in.-thick
lead backing. Calculations were performed for
seven gamma-ray energi es and seven inci dent
angles. Initial histories range from 1000 to 2500
for incident angles less than 60 deg. For greater
angl es the number of histories ranged from 400 to
800 to avoid excessive machine time. In all cases
a doubling technique was used which tends to
maintain an even population throughout the shield.
In this way statistics were obtained near the final
boundary for which excessively large initial
histories would have been required if this tech­
nique had not been used. The transmitted and
reflected energy spectra from this study have been
stored in a systematic order on magnetic tape and
are available for calculations. The energy spectra
give the fraction of the incident energy which may
be expected within each of 120 energy-solid angle
interval s (that is 10 energy by 12 angu Ior inter­
vals) for both the reflected and the transmitted
energy of each of the 294 cases.

SF. S. Kirn, R. J. Kennedy, and H. O. Wyckoff,
Radiology 63, 94-104 (1954).



Table 5.2.1. Summary and Index of Monte Carlo Calculations of Gamma-Ray Penetration in Multireglon Shields with Slob Geometry

Gamma-Ray Energy e, Angle of Gamma·Ray
Series Shield (Mev) Incidence (deg) References

CE137 (for Cs 137)a 0,2,5, 9, or 14 in. polyethylene 0.661 0 ORNL·2310

+ 0, 0.25, or 0.5 in. Pb

COB60 (for C06O ) 0,2,5,9, or 14 in. polyethylene 1.25 0 ORNL-2310

+ 0, 0.25, or 0.5 in. Pb

FAB b 16 em H20 + 4 em Pb

(8 em H20 + 2 em Pb) X 2

(4 em H20+ 1 em Pb) x4

(2 em H20 = 0.5 em Pb) x8 >. 1.0, 3.0, 8.0 0 ORNL-2310
4 em Pb + 16 em H2O

(2 em Pb + 8 em H20) X 2

(1 em Pb + 4 em H20) X 4

(0.5 em Pb + 2 em H20) x8

D02C55 1 ml, Pb } ORNL-2061, p 223;
0.75 mfp Pb + 0.25 mfp H2O 0, 60, 70.5, 75.5 ORNL·2081, p'180;
0.5 mfp Pb + 0.5 mfp H2O 1.0, 3.0 (sec e= 1, 2, 3, 4) ORNL·2310
0.25 mfp Pb + 0.75 mfp H2O

1 ml, H,O }
0.75 mfp H20 + 0.25 mfp Pb 0, 60, 70.5, 75.5 ORNL·2061, p 223;

0.5 mfp H20 + 0.5 mfp Pb 1.0, 3.0 (sec e= 1,2,3,4) ORNL-2310

0.25 mfp H20 + 0.75 mfp Pb
"'ll

2 mfp Pb

}
III

1.5 mfp Pb + 0.5 mfp H2O 0, 60, 70.5, 75.5
;:0-1.0 ORNL·2310 0

1 mfp Pb + 1 mfp H2O (sec 8= 1,2,3,4) 0

0.5 mfp Pb + 1.5 mfp H2O III
:z:

2mfp H2O

}
0

ORNL·2061, p 223; Z
1.5 mfp H20 + 0.5 mfp Pb 0, 60, 70.5, 75.5 ORNL-2081, p 180; "1.01.0 mfp H20 + 1.0 mfp Pb (sec 8= 1,2,3,4) ORNL·2310 ~

>0.5 mfp H20 + 1.5 mfp Pb ;:0,..,
8 mfp Pb

}
::J::

6 mfp Pb + 2 mfp H2O 0, 60, 70.5 ......
3.0 ORNL-2310 .

4 mfp Pb + 4 mfp H2O (sec 8= 1,2,3) ...
~ 2 mfp Pb + 6 mfp H2O '0
CO 01
'oJ "'l

aNo "s" available on machine.

bConstant total shield thickness with layers consecutively subdivided and alternated to mock up progression from a two-region shield to a homogeneous

shield.



Table S.2. 1 (continued)

tV >-
ex> e, Angle of Gamma·Ray 4:ex> Gammo-Ray Energy

Series Shield References "lI
(Mev) Incidence (deg) "lI

;;0

0
AO 7, 14, or 21 cm H2O 0.5, 1.0, 2.0, 3.0, 0, 20, 40, 60, 70, ORNL-2310 ...

I'T1
4.0, 6.0, 8.0 80,85 n....

AB 7, 14, or 21 cm H20 + 0.1 in. Pb 0.5, 1.0, 2.0, 3.0, 0, 20, 40, 60, 70, ORNL·2310 "lI

4.0, 6.0, 8.0 80,85
;;0

0
(;")

BC 10,or 20 in. H2O 1.0, 2.23, 2.70, 4.0, 0, 60, 70 ORNL-2310 ;;0

I'T1
6.814, 9.0 '"'"

40 in. H2O 1.0,2.70,6.814,9.0 0, 60, 70 ORNL·2310 ;;0

I'T1
2 in. Pb + 0, 10, or 20 in. H2O 1.0,2.70, 4.0, 6.814, 0, 60, 70 ORNL·2310 "lI

0
9.0 ;;0

2.23 0,60 ORNL-2310
....

2 in. Pb + 40 in. H2O 1.0, 2.70, 6.814, 9.0 0, 60, 70 ORNL-2310

4 in. Pb + 0, 10, or 20 in. H2O 1.0 0 ORNL-2310

2.23,4.0, 6.814, 9.0 0,60 ORNL-2310

2.70 0, 60, 70 ORNL-2310

4 in. Pb +040 in. H2O 1.0 0 ORNL·2310

2.7 0, 60, 70 ORNL·2310

6.814,9.0 0, 60 ORNL-2310

6 in. Pb + 0, 10, or 20 in. H2O 2.70 0, 60, 70 ORNL·2310

4.0 0 ORNL·2310

6.814,9.0 0,60 ORNL-2310

6 in. Pb + 40 in. H2O 2.70 0, 60, 70 ORNL-2310

6.814,9.0 0, 60 ORNL-2310

Undes ignated 11.58 cm Pb + 35.81 cm H2O 1.0, 3.0, 6.0 0, 60 ORNL·2157, p 271;
ORNL-2081, p 184;

ORNL-2194; ORNL-2310

Unde s ignated 3.79 cm fuel d + 0.976 cm Inconel 1.0 0, 45, 60, 70.5, ORNL-2106, p 266;

+ 21.19 cm No + 0.488 cm 75.5 ORNL-2310

Inconel (0.7 mfp fuel d + 1.0 mfp

Inconel + 1.0 mfp No + 0.5 mfp

Inconel)

CThis series had a maximum of 800 histories and a minimum of 400; a doubling technique was used to improve statistics. Even so, the statistics are

poor for the thickest slobs at slant penetrations os for as energy spectral data are concerned.
dNaF-ZrF4-UF4 (52.5-42.5-5 mole %).

,
• •
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Another set of probl ems, the B seri es, is a study
of thick lead and water shields. The energy
spectra for th is series were al so stored systema­
ti ca II y on magn eti c tape. It is to be noted that
the low number of initial histories combined with
the large thickness of the shields tends toward

PERIOD ENDING MARCH 37,7957

poor stati sti cs for the energy spectra information
despite the doubling technique.

Two additional problems, one for a fuel-Inconel­
sodium-Inconel shield and another for a lead-water
shield, were also computed. The fuel mixture
studied was NaF-ZrF 4-UF 4 (52.5-42.5-5 mole %).
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5.3. LID TANK SHIELDING FACILITY

NEW INSTRUMENT CARRIAGE AT THE L TSF

W. Zobel

The necessity of taking progressively more pre­
cise data at the Lid Tank Shielding Facility (LTSF)
made it obvious that one of the uncertainties which
had to be eliminated was that associated with the
location of the detectors. Whi Ie the position of a
detector in the tank could be reproduced to within
about ±2 mm, the absolute position was open to
doubt within about ±S mm. It was therefore de­
cided to replace the detector holder and positioner.

The new equipment was required to be more
rigid than the old so that the absolute pos ition and
the indicated position would always coincide, and
it had to have an inherent accuracy of about ±O.S mm.
The system (Fig. 5.3.1) which was adopted is very
similar to that in use at the Tower Shielding
Faci lity (TSF). This system provides for remote
control of the carriage from the control room and
thereby greatly increases the ease of operation.
The new instrument carriage has been installed
and is now in use. It appears to give very satis­
factory service, and it is expected that the con­
fidence level of future data taken at the LTSF wi II
be increased.

The detector carriage is driven in the y-direction
by two ball-bearing lead screws which, however,
do not support the carriage. Thus greater accuracy
and longer life can be obtained. The use of the
ball-bearing nut eliminates backlash. The load
is carried on the channel base, wh ich can be made
as strong as required. A guide rail on one side
assures that the carriage wi II run true.

In the z-direction the load is supported by two
large shafts, which also serve as guides. The
drive is again provided by a ball-bearing lead
screw.

The drive in the x·direction is of the rack-and·
pinion type, with the rack cut into the vertical
drive shaft. This is a large tube and was chosen
to provide sufficient rigidity for the holder.

Control of the drive motors in the three directions
is manual at present. The position of the detector
support, located at the end of the vertical shaft,
is indicated at three panels in the control room.
Two indicators are provided for each direction.
One is a dial for coarse control, driven by a torque
transmitter system geared to the drive motor; the
other is a fine control, indicated by an Amerac
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dial, which uses a selsyn system to drive the dial
by the usual null technique. The indication of
the fine control is to the nearest millimeter, with
interpolation on the dial to 0.5 mm easily possible.
Provision has been made to permit later conversion
of the controls to a closed-loop system by which
the desired position on the detector can be selected
and the carriage wi II then "hunt" unti I it reaches
that location. Provision is also made for future
installation of a readout system for use with an
isodose plotter.

Preliminary tests showed that the instrument
carriage, as finally constructed does not deviate
from a given plane by more than 0.006 in. over the
full range of the water tank at the L TSF. This
indicates that the absolute position of an instru­
ment can be determined to at least ±O.S mm and is,
at present, limited by the accuracy with which the
ind icators can be read. It is fe It, however, that
±O.S mm is sufficiently accurate for the purpose,
and therefore no changes are contemplated.

INVESTIGATION OF THE PHYSICAL

PROPERTIES OF LITHIUM BOROHYDRIDE­

AMMONIA UNDER SUBCONTRACT NO. 390

E. A. Sullivan S. Johnson
Metal Hydrides, Inc.

One of the materials which has been suggested
as a neutron sh ie Id for a mobile reactor is lith ium
borohydride. This relatively new compound is
particularly attractive because it contains 18.5 wt %
hydrogen, which is the most efficient lightweight
neutron absorber known, as well as lithium and
boron, both of wh ich suppress secondary gamma
radiation arising from neutron capture by the shield
material, in addition to being good neutron ab.
sorbers. Lithium borohydride is a white crystalline
solid which is stable to its melting point of 275°C
and has essentially no vapor pressure even at this
elevated temperature. In an attempt to ach ieve a
liquid shield which could be cooled externally and
would avoid difficult fabrication problems, empha­
sis has been altered to consider shield components
utilizing this compound in combination with on
inexpensive di luent that would not change the
sh ie Iding properties appreciably. Ammonia, wh ich
contains 17.8 wt % hydrogen, is ideally suited for
this purpose. Since the physicol properties of
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shield materials must also be known, an investi­
gation has been carried out to determine the equi­
librium vapor pressure, the thermal stability, and
the density of various lithium borohydride ammoni­
ates. The results of the investigation have been
reported in detai 11 and are summarized below.

Pressure·Temperature·Compos ition Relationsh ips

The ammonia vapor pressure in equilibrium with
mixtures of lithium borohydride and ammonia was
determined as a function of concentration and of
temperature. The lithium borohydride mole frac­
tions used ranged from 1.0 to slightly less than
0.2 in the temperature range 0 to 80°C. Lithium
borohydride forms four stable adducts with ammonia:
lithium borohydride monoammoniate, LiBH

4
·NH 3,

which has a melting point of 56.5°C; lithium boro­
hydride diammoniate, LiBH

4
·2NH

3
, which melts

at 17.0°C; lith ium borohydride triammon iate,
LiBH 4 ·3NH 3, which displays an incangruent
me Iting point at 32.5°C; and lith ium borohydride
tetraammoniate, LiBH 4·4NH 3, which melts at
approximately 68°C.

The phase diagram in th is temperature range has
been constructed from the experimental data. The
behavior of lithium borohydride-ammonia adducts
is such that two eutectic compos itions, Li BH 4'

1.75NH 3 and LiBH 4 ·2.35NH 3, are completely
liquid above 15°C. A solid solution of the tri­
ammoniate in the tetraammoniate was found to
exist which is stable up to the melting point of
the tetraammoniate.

The ammonia pressure can readily be calculated
for any temperature and compos ition from equati ons
of the type

with temperature, (3) decreases with increasing
ammonia concentration (and is essentially constant
beyond an ammonia-to-lithium borohydride mole
ratio of 2: 1), (4) is approximately an exponential
function of composition at a given temperature,
and (5) is approximately an exponential function
of reciprocal temperature at a given composition.
Where necessary (at temperatures ;;; 40°C), small
corrections were made in the equilibrium data to
account for the effect of ammonolys is on the com·
position of the samples. When precautions were
taken, this reaction did not interfere with equilib­
rium measurements.

Density Relationships

The densities of liquid lithium borohydride
ammoniates were determined as a function of both
composition and temperature. Five conditions
between LiBH 4ol.06NH 3 and LiBH 4 ·2.74NH

3
were

studied. The temperature range in which each
composition was studied depended on the liquidus
temperature at the given composition and on the
vapor pressure encountered. Two of the compos i­
tions studied, LiBH

4
·1.73NH 3 and LiBH

4
.2.36NH 3,

correspond to the eutectics on either side of the
diammoniate of lithium borohydride. These com·
positions have the lowest liquidus temperatures
in the entire phase diagram, both at 15°C, and
therefore have the longest temperature ranges for
the liquid state. In general, the study encompassed
temperature ranges between 15 and 85°C.

The density for a given composition was found to
be a linear function of temperature, as expected,
and the experimentally determined equations are,
where t is in DC:

IE. A. Sullivan and S. Johnson, The Lithium Boro­
hydride-Ammonia Sys tem. Part I. Pressure- Temperature­
Composition Relationships. Part ll. Density Relation-
ships. Metol Hydrides, Inc., report identified os
CF-57-2-134 at ORNL (Feb. 12, 1957).

In studying the lithium borohydride-ammonia
system, it was found that an interaction occurred
to a small extent between the components, which
gave, as a byproduct, gaseous hydrogen. Th is
ammonolysis reaction was studied briefly in the
temperature range of 50 to 100°C, and it was
found that the rate of ammonolysis of lithium boro­
hydride: (1) decreases with time, (2) increases

log P (mm Hg)
A

--+ B •
T

(1) LiBH
4
·l.06NH 3: d

t
== 0.651 - (2.537 x 1O- 4 )t

(2) LiBH
4
·1.73NH 3: d

t
== 0.663 - (3.683 x 1O- 4 )t

(3) LiBH
4

·2.04NH 3: d
t

== 0.675 - (4.664 x 1O- 4 )t

(4) LiBH 4 ·2.36NH 3 : d1 == 0.676 - (4.201 x 1O-4 )t

(5) LiBH 4·2.74NH3: d t == 0.684 - (4.427 x 1O- 4 )t

With the exception of LiBH 4 ·2.04NH 3, a simple
relationship was found to exist between the com­
pos i tion and both the s lope and intercept of the
density equations. The following empirical equa­
tions were found to relate these factors:

(6) Intercept == 0.629 + 0.020(c
M

•
R

)
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where e M• R• is the composition expressed as the
mole ratio of ammonia to lithium borohydride and

(7) Slope = -1.97 x 10-4 + 8.80 x 1O-4(NNH3)

where NNH3 is the composition expressed as mole
fraction of ammonia. From Eqs. 6 and 7, the
constants for density equations were calculated

which cover the entire liquid range.

SURVEY OF SHIELDING MATERIALS UNDER

SUBCONTRACT NO. 931

R. Aronson K. Hel d
Techn ical Research Group

A recent survey of shielding materials confirms
that lithium hydride and polyethylene are the most
effective neutron shields known to date. lithium
hydride is by far the best solid shield material in
curved geometries. The use of Li 6H is expected
to lead to a further weight savings of approximately
12%. Lithium hydride is the only lightweight neu­
tron shield material which can be used in the range
of 700 to 1200°F without developing high pressure
or decompos ing. Th isis the range of temperature
which may be expected in some parts of the direct­
cycle reactor shield. Neutron shield materials for
use at temperatures above 20000 F may be required
for the direct-cycle reactor. Reactor outlet air at

PERIOD ENDING MARCH 31, 1957

a temperature of 18500 F is used to cool the neutron
shield at the rear face. Here the requirement is so
severe that the problem is one of obtaining ma­
terials that wi II withstand the high temperature,
rather than a minimum weight problem. If a liquid
is required because of the need for shield augmen­
tation or some other reason, one of the substituted
organic compounds 2 must be used.

Polyethylene of high density (> 0.95 g/cm 3) and
of high strength is now avai lable. Some analyses
of various crew shield designs indicate the very
low requirement for additional structural support

for a lead-polyethylene shield. Other materials
including various lithium hydride-polyethylene
mixtures are under consideration.

The high-density materials required for the re­
actor gamma-ray shield sti II center around lead,
bismuth, tungsten, uranium, ete. Possi ble appli­
cation of hydrides, borides, etc. of these elements
await clarification of the secondary gamma-ray
picture.

Contact has been maintained with Metal Hydrides,
Inc., an their studies on the lithium borohydride­
ammonia system.

2 For example, boron or lithium substituted into the
organic molecule.
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5.4. TOWER SHIELDIIIlG REACTOR II

C. E. CI i fford

As was stated previously, 1 a reactor which wi II
have a higher and more uniform fast-neutron and
gamma-ray leakage flux than that available with
the present Tower Shielding Reactor is needed for
future aircraft shielding experimentation. To fill
these requirements a 5-Mw sol id-fuel Tower
Shielding Reactor II (TSR-II) has been proposed
which will be spherical in shape. The TSR-II will
be controlled by umbrella-shaped boron-loaded
plates located in an internal water reflector, in
which position they will give a minimum perturba­
tion to the reactor leakage flux.

In order to establish the dimensions of a core
configuration that would fit the requirements of
the reactor, the following calculational procedures
were followed. A nuclear parameter study was
carried out first to determine the critical mass
and control avai lable for various core si zes,
internal water reflector thicknesses, and aluminum­
to-water volume ratios. From this study a configu­
ration was selected which appeared to be the
optimum configuration from the viewpoint of critical
mass and small reactor diameter. Thi s configuration
was then examined to ensure that the surface
density of the U235 in the fuel plates would be
below 0.0283 g/cm 2, a density which was estab­
lished during operating experience with the MTR. 2

Finally the configuration was examined to deter­
mine whether the water flow available to remove
the heat from the core was suffi ci ent to prevent
local boiling. The results of these tests are
presented below.

NUCLEAR PARAMETER STUDY

Calculations,3 for which the three-group, three­
region reactor code (the 3G3R code) was used as
a two-group, three-region (2G3R) code, were per­
formed on the Oracle to determine the critical
mass and control available in reactor configurations

lSee, for example, C. E. Clifford ond L. B. Holland,
ANP Quar. Prog. Rep. Dec. 31, 1956, ORNL-2221, p 352.

2R• J. Beaver, ORNL Metallurgy Division, private
communication.

3These calculations were performed by M. E. LaVerne;
previous calculotions by E. G. Silver were helpful in
setting up the present problems, see Appl. Nuc. Phys.
Ann. Rep. Sept. 10, 1956, ORNL-2081, p 47.
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having internal water reflector diameters of 32,
40, and 50 cm and core thicknesses of 16, 20, and
25 cm. The aluminum-to-water volume ratios in
the cores ranged from 0.250 to 2.000. All possible
reflector-core combinations were investigoted for
each aluminum-to-water ratio. For the calculations
the external water reflector was considered to be
20 cm of water rather than the lead-water combi­
nation that is proposed for the actual reactor. A
sketch of the geometry used in the calculation is
shown in Fig. 5.4.1, and some of the constants
are presented in Table 5.4.1.

Calculations were made first to determine the
effective multiplication factor for several concen­
trations of U235 in the fuel plates. Typical results
for one geometry and all aluminum-to-water volume
ratios are shown in Fig. 5.4.2. Earlier calculations
for this reactor showed that 4% excess reactivity
would be necessary to compensate for temperature
ri se, xenon poi soni ng, and burnup and to provi de
1% for control. The concentration that gave an
excess reactivity of 4% in a particular configuration
was used to compute the moss of U235 that would
be required for that configuration.

In Figs. 5.4.3 through 5.4.5 the critical mass is
shown as a function of internal reflector radius for
various aluminum-to-water volume ratios and all
core geometries considered. As expected, the
smallest internal reflector and lowest aluminum­
to-water volume ratio will give the minimum critical
mass.

The amount of excess reactivity that it is pos­
sible to control for the various geometries was
determined next. This calculation was performed
in a straightforward manner (as provided in the
3G3R Oracle code) by the insertion of a boron­
loaded shell between the internal reflector and the
core ~egion. The results shown in Fig. 5.4.6 are
for a very I ight loading of boron in the shell
(0.0022 g/cm 2). Unfortunately, time did not permit
a more involved calculation for a heavier boron
shell; however, values for heavier boron concen­
trations will be obtained in later calculations and
experiments. Although it is possible to obtain a
larger amount of control by using higher aluminum­
to-water volume ratios and larger internal reflector
regions, the greatest increase in control is realized
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Fig. 5.4.1. Vertical Section of Reactor Core Model Used in Nuclear Parameter Study for TSR.II.

Table 5.4.1. Nuclear Parameters Used with the 3G3R Oracle Code for Calculations of the Critical Mass

of the TSR·II with an Aluminum-to·Water Volume Ratio of 0.707

Region

Internal reflector

Core

External reflector

Absorption Diffusion Transfer

Cross Section* Coeffi c ient*·* Cross Section**
Temperature

(em-I) (em) (em-I)
(CC)

! ! 0/ 0 1 1
a/ a s x/ xs s

0 0.01837 1.190 0.160 0.0361 0 50

0 0.01535 + 0.471271-'1/ 1.315 0.2655 0.0210 0 60
s

0 0.01949 1. 190 0.160 0.0361 0 20

*Values of 1 obtoined from BNL·325, Neutron Cross Sections, by D. J. Hughes and J. A. Harvey (July I,
a

s
1955), with correction applied for (1) non-1/v behavior, (2) Maxwellian distribution of neutron speeds, and (3)

temperature effect on density.

**Values of 0/,0 ,1 , and 1 taken from 100-16133, Reactivity E//ect 0/ Reducing the AI/H 20 Ratio in the
s XI X s

MTR Core, by J. W. Webster (Oct. 26. 1953).
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Fig. 5.4.7 show that no more than 2.5 in. ("-'6.5 cm)
of travel wi II be required to reduce the control
plate effectiveness to 0.1 of its full value. The
results of an earlier experiment at the Bulk Shielding
Facility (BSF) reactor, which has an aluminum­
to-water ratio of 0.7, normalized to the calculated
value for the TSR-II are also shown in Fig. 5.4.7.
The change in reactivity of the BSF reactor was
observed as a cadmium rod was moved laterally
away from the BS F reactor. The fact that the

experimental curve is steeper than the calculated
curve shows that the use of the cal cui ated val ues
in the design is conservative.

Although the information was not required to
establish the dimensions of the TSR-II, the effect
of the control plates on the fast- and thermal-

Fig. 5.4.3. Critical Mass in the TSR-II as a Function

of the Internal Water Reflector Radius for Various

Aluminum-to-Water Volume Ratios. Reactor geometry:

16-cm-thick core, 20-cm-thick external water reflector.
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by decreasing the thickness of the core region.
This is fortunate since the thinner core region
also reduces the heat transfer problem.

A cal cui ation performed to determi ne the amount
of separation required between the fuel and the
control plates to reduce the effect of the control
plates sufficiently to permit operation of the re­
actor involved a more subtle use of the 3G3R
code. In this case it was necessary to artificially
maintain the neutron flux and current at the outer
water reflector and core boundary so that the
internal reflector could be divided into two regions
with a boron shell between them, the core making
the third region. It was then possible to vary the
thickness of the water regions in the internal
reflector and effectively simulate movement of the
control plates. The calculation was made for only
two aluminum-to-water volume ratios, 1.0 and
0.707, and one geometry. The results plotted in

Various Aluminum-to-Water Volume Rotios. Reactor

geometry: 40-cm-dia internal reflector, 16-cm-thick core,

20-cm-thick external water reflector.
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Fig. 5.4.4. Critical Mass in the TSR-II as a Function

of the Internal Water Reflector Radius for Variaus

Aluminum.to-Water Volume Ratios. Reoctor geometry:

20-cm-th ick core, 20-cm-th i ck externa I water refl ector.

neutron fl ux throughout the reactor was al so ca Icu­

lated as shown in Fig. 5.4.8. Cases band c show

the effect on the flux of having the boral shell

adjacent to the core or 5 cm from the core, respec­

tively. Case a represents the same geometry

shown in case b and is included only to show the

validity of the method used, that is, leaving off

the external water reflector region and artificially

maintaining the neutron flux at the outer core

boundary. The effect of the boral shell position

on the fast- and thermal-neutron leakage from the

TSR-II for two aluminum-to-water volume ratios,

0.707 and 1.000, is shown in Table 5.4.2. In this

calculation the internal water reflector was 40 cm

in diameter, and the core region and external water

reflector were each 20 cm thick. Changing the
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aluminum-to-water volume ratio produces less than

1.5% change in the fast-neutron leakage. Over the

probable operating range of the control plates

(3 to 5 cm), the variation in fast-neutron leakage

will be less than 1.5%. .
The space requi red to hou se the proposed control

mechanism and also allow it to be withdrawn 2.5 in.

from the core will necessitate that the internal

water reflector be no smaller than 17.5 in. in

diameter. With this parameter fixed it was then

neces sary to carry out a study to determi ne the

corresponding core parameters which would give

a minimum fuel loading. This was done by plotting

the critical mass as a function of core thickness

for various aluminum-to-water volume ratios (Fig.

5.4.9). As would be expected, the mass decreased

with a decrease in the aluminum-to-water volume

ratio; however, it does not seem practicable to go
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Fig. 5.4.6. Change in Reactivity Produced in the
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Ratios of 0.707 and 1.0. Reactor geometry: 40-cm-dia

internal water reflector, 20-cm-thick core, 20-cm-thick

external water reflector (effect ive).
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Table 5.4.2. Predicted Fast- and Thermal-Neutron Leakage from the TSR-II for 0.707 and 1.000

Aluminum-to-Water Volume Ratios and Various Core-Boral Shell Separation Distances

Core-Boral Fast-Neutron Leakage Thermal-Neutron Leakage
Shell Separatian

Distance (em) AI:H 2O Ratio =0.707 AI :H 20 Rotio = 1.000 At:Hp Ratio = 0.707 AI:H 20 Ratio = 1.000

0 0.1070 0.1083 0.01294 0.01322

5 0.1064 0.1080 0.01291 0.01325

1.0 0.1057 0.1074 0.01284 0.01318

1.5 0.1051 0.1067 0.01276 0.01306

2.0 0.1044 0.1060 0.01269 0.01300

25 0.1038 0.1053 0.01258 0.01291

3.0 0.1033 0.1048 0.01252 0.01285

3.5 0.1028 0.1043 0.01247 0.01276

4.0 0.1024 0.1038 0.01243 0.01271

4.5 0.1020 0.1035 0.01235 0.01267

5.0 0.1018 0.1032 0.01235 0.01264

Na shell 0.1083 0.1120 0.0142 0.0169
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critical mass will be calculated again with a
multigroup, multiregion code in the near future.

The heat flux from the fuel plates will be approxi­
mately 5 x 104 Btu/ft2.hr. To remove this heat a
two-pass cooling system has been proposed. It
was previously determined5 that a 1000-gpm flow
rate with a 40°F temperature rise of the water over
the inlet water temperature would provide sufficient
cooling to prevent boiling or excessive fuel plate
temperatures in a reactor core with higher alumi­
num-to-water volume ratios. It was also stated
that a larger internal reflector and thinner core
region would make conditions even better. The
17.5-in.-dia internal reflector and 5.5-in.-thick

Fig. 5.4.9. Critical Mass in the TSR-II as a Function

af the Core Thickness for a 44.5-cm-dla (17.5-In.-dia)

Internal Water Reflector and Various Aluminum-to-Water

Volume Ratios. External water reflector thickness:

20 em.

Fig. 5.4.8. Neutron Flux as a Function of the Radial

Position in the TSR-II for Various Positions of aBoral

Shell in the Internal Water Reflector and a 0.707 Alumi­

num-to-Water Volume Ratio. Reactor geometry: 40-cm-dia

internal water reflector, 20-cm-thick core, 20-cm-thick

external water reflector (effective).

below the ratio of 0.7 used in the BSF reactor. 4

Also, if this ratio is used the standard arrangement
of 60-mil-thick fuel plates separated by 120 mils
of water can be used. Since the amount of control
available increases with a decrease in core thick­
ness, an approximately 14-cm core thickness
(5.5 in.) appears to be the optimum. This thin
core, which requires less than 6.5 kg of U235 for
criticality, will also be an advantage with respect
to the heat removal problem (see below).

The configuration having a 17.5-in.-dia internal
water reflector and 5.5-in.-thick core region was
then examined to ensure that the U235 fuel plate
loading would not exceed the 0.0283 g/cm 2 surface
density previously designated. It was found that
the maximum loading possible for this surface
density was 9.5 kg. This allows for an error in
the critical mass obtained from the two-group
Oracle calculations to be as high as 45%. The

4 1n the BSF reactor the fuel plates and water coolant
have an aluminum-to-water ratio of 0.5; the side plates
required to hold the fuel plates raise the over-all
aluminum-to-water volume ratio to approximately 0.7. 5 p • Stover, USAF, private communication.
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..
core meet these conditions, but the larger water
volume dictated by the lower aluminum-to-water
ratio is somewhat detrimental. It is felt that if
turbulent water flow could be maintained in each
channel, adequate cooling could still be achieved
with the 1000-gpm flow rate. Using a log mean
flow area and assuming equal flow per channel,
the Reynolds number was calculated and found to
vary from 11,000 in the inner channels to 8500 in
the outer channel. It appears, therefore, that
sufficient latitude will exist over which to adjust
flow rates to obtain uniform outlet temperatures
and still maintain turbulent flow.

FUTURE STUDIES

Preparations are being made for several develop­
ment experiments to further establ ish the TSR-II
design. Several control system mockups consisting
of sol id stainless steel plates, perforated stainless
steel plates, or boron-loaded aluminum plates will
be tested in a 6-in.-square water-filled hole in the
center of the BSF reactor. A prototype of the
actual control design is also being constructed
for other dynamic tests. In addition, the fuel
element drawings are now complete, and a model
will be fabricated to establish a header arrange­
ment for the cool ing system.
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