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FOREWORD

The work described in this report was performed at Aerojet-General
Corporation, Nuclear Division, San Ramon, California as part of the SNAP-8
Electrical System Contract being conducted within the Power Systems Depart-
ment of Aerojet~General Corporation, Azusa, California. The studies and
the results pertaining to the evaluation of tantalum as a mercury, contain-
ment material in the SNAP-8 boiler is covered in this report. The work
was performed under NASA Contract NAS 5-417 with Mr. Martin J. Saari as
NASA Program Manager, and Dr. W, F. Banks as Aerojet-General Corporation
Program Manager. Aerojet-General Corporation acknowledges P. L. Stone and
E. R. Furman of the NASA, Lewis Research Center, for their contributions
during performance of the work,
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ABSTRACT

A series of tests were conducted to evaluate tantalum as a material for
mercury containment in the SNAP-8 boiler. Mercury corrosion of tantalum was
known to be minimal; therefore, the tests were designed to investigate various
mechanical designs of the boiler structure containing tantalum. The results
of the tests provided information for evaluating the effects on tantalum of
air and polyphenyl ether (Mix-LP3E) contaminants in the mercury loop. The
test results and their application to the SNAP-8 boiler are described.
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SUMMARY

A test program was conducted to evaluate the use of tantalum for mercury
containment in the SNAP-8 boiler. Five tests on subscale SNAP-8 simulated
boiler tube configurations were conducted. Various candidate basic boiler tube
design concepts and fabricatlon procedures were evaluated. The effects of

potential SNAP-8 mercury loop contaminants on tantalum were also evaluated.

Two Hg containment tube configurations were found capable of providing
equivalent acceptable reliability for up to 40,000 hours of service in the
SNAP-8 boiler. These are, first, a bimetal tube of tantalum bonded by hot
coextrusion to the I.D. surface of a 316 stainless steel tube. Second, unbonded
non-concentric tubes of tantalum inside a 321 stainless steel tube., In the
latter instance the two tubes are thermally bonded through a non-flowing Nak
inventory which fills the annular space between the two tubes. In both cases
the heat is transferred from a flowing NaK stream on the outside of the stain-

less steel tube to a flowing mercury stream on the inside of the tantalum tube,

It was established that mercury loop contamination by air or Mix-4P3E, an
organic fluid used for lubrication and cooling of various components in the
SNAP-8 system, can detrimentally affect the heat transfer capability of a
SNAP-8 boiler. The reduced heat transfer is caused by a thermal barrier formed
on the tantalum surface by a reaction between the tantalum and the contaminant.

This barrier can be effectively removed by chemical cleaning.
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I. INTRODUCTION

SNAP-8 is a 35 kw nuclear-electric power conversion system for use in
space. The system operates on a mercury (Hg) Rankine cycle using NaK (eutectic
sodium -- potassium mixture) as the heat-input and heat-rejection working
fluid. The power conversion system is being developed by Aerojet-General
Corporation (AGC) for the National Aeronautics and Space Administration, The
nuclear reactor is being developed for the Atomic Energy Commission by Atomics

International.

The power conversion. system, Figure 1, uses mercury as the working fluid
and is coupled to the reactor cooling loop by a heat exchanger (poiler) where
the mercury is preheated, vaporized, and superheated. The superheated vapor
drives a turbine-aliternator assembly which develops 35 kw of useful electrical
power. The saturated mercury vapor leaving the turbine passes through a con-
denser and then to a mercury pump to complete its cycle.  Cooling for the
condenser is provided by a pump-driven NaK loop which couples the condenser
and space radiator.  Lubrication and cooling of the system is provided by a
loop using a polyphenyl ether (Mix-4P3E) organic working fluid. Iubrication
is. provided for the bearings in the turbine-alternator assembly and the
mercury pump-motor assembly. Cooling is provided for the alternator, pumps,
and electrical controls. The Mix-U4P3E loop is pump driven and has its own

heat-rejection radiator.

The boiler for the SNAP-8 system was for several years constructed of

9 Cr-1 Mo steel. After a considerable number of capsule corrosion tests and
forced-flow subscale and full scale tests had been conducted, it was apparent
that this material was not sufficiently resistant to mercury corrosion at
llOOOF, the maximum liquid mercury temperature for SNAP-8 boiler operation,

| to provide the required minimum 10,000-hour life., A reliable approximation
of the mercury corrosion resistance of a given material can be made by exam-
ining the solubility in mercury of the major alloy elements in the material.
Figure 2 shows the solubllity of several elements in liquid mercury as a
function of temperature. It can be seen that although the solubility of iron

is low, the refractory metals are only slightly soluble in mercury, with the
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Figure 2. Solubility of Some Elements in Mercury
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solubility of tantalum being just barely detectable. Based primarily on this
solubility data, tantalum (Ta) was selected from the available refractory
metals as the reference material for mercury containment in the SNAP-8 boiler.
In addition to exhibiting the lowest solubility in mercury of the commercially
available refractory metals, tantalum has a proven history of producibility
and fabricability in the chemical industry. The mechanical properties, though
data was limited, appeared to meet the requirements for a 10,000 hour life
SNAP-8 boiler.

Several limitations in the use of tantalum existed which required special
consideration in designing the material into the SNAP-8 system. Air contamin-
ation of tantalum exposed at MOOOF resulted in formation of a non-adherent
surface oxide. The reaction rate increased, with increased exposure temperature.
Also, it was postulated that tantalum in a flowing SNAP-8 multi-metal NaK
system would accumulate interstitial elements, carbon and oxygen, from the Nak
resulting in embrittlement and accelerated metal mass transfer. Two basic
boiler designs were developed to avoid the above uncertainties. In both designs
the tantalum was protected against elevated temperature air oxidation, by fab~-
ricating oxidation resistant 316 stainless steel (316 SS),all sections of the
boiler which were exposed to the air. Also the tantalum was protected against
exposure to the flowing NaK by isolation utilizing a stainless steel tube
positioned between the tantalum tube and the flowing NaK side of the boiler.
One design provided for mercury flow inside the tantalum tube and NaK flow on
the outside of a stainless steel tube. The other design provided for mercury
flow inside the tantalum tube, NaK flow on the outside of the stainless steel
tube, and a static NaK annulus between them. Figure 3 depicts the two designs.
Since both boiler designs were considered to be of equal potential, it was
decided to test in a subscale SNAP-8 configurabion both mercury containment
tube designs. The objectives of the test program were as follows:

. Evaluate the heat transfer performance of two alternate mercury
containment tube designs.

. Fvaluate the effect of SNAP-8 operating conditions on the structural

integrity of the mercury containment tube designs.
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. Establish the mercury-side corrosion effects on the materials,
. Evalvuate the effect on tantalum tube heat transfer performance, of
the presence of air or Mix-L4P3E in the mercury system.

. Select the optimum design for full scale SNAP-8 boiler use.

IT. TEST SECTION DESCRIPTION

The SNAP-8 boiler is a counterflow tube-in-tube heat exchanger. The
mercury flows inside seven parallel tubes which are interconnected by mani-
folds at the mercury inlet and outlet of the boiler. The seven tubes are
bundled inside a NaK containment shell., The NaK flows through the annular
space formed between the tube bundle and the outer shell (see Figure 3).
Approximately the first L4 feet of the SNAP-8 boiler length is considered the
most critical for achleving adequate boiler performance. Within this length,
the major portion of total heat transfer from the flowing NaK to flowing
mercury must occur to meet the desired design criteria of total hydraulic
pressure drop through the boller, and to insure minimum liquid mercury carry-
over to the turbine, This section of the tantalum tube contains a selid
tantalum bar with channels machined into the outside surface. . The only mercury
flow passage through the tube are the channels in the bar by virtue of a no-
gap fit between the tube I.D. and bar 0.D., achieved by cold swaging of the
tube over the bar. The liquid mercury reaches its:highest temperature of
approximately llOOOF in this dinitial tube length in the:process. of being con-
verted to vapor. Therefore, any acceptable basic tube design for the boiler
must be capable of effectively transmitting the heat through its wall and it
must withstand the corrosion and erosion potential of the high te@perature
mercury flow, TFor this reason, the test program concentrated primarily on
evaluation of test sections simulating this dinitial four foot section of the

overall boiler length,

Two designs of the mercury containment tube were evaluated (see Figure 3).
Tests were performed.on both designs using single mercury containment tube
test sections to simplify fabrication. One tube configuration consisted of

concentric 316 stainless steel (outside) and tantalum tubes (Basic Concept

No. 1 in Figure 3). The other bube configuration consisted of non-concentric

6




321 stainless steel (outside) and tantalum tubes with a static NaK inventory

in the annular space between them (Basic Concept No, 2 in Figure 3). Basic
Concept No., 1 which was used for construction of four of the five test sections
evaluated were fabricated by cold swaging, hot co-extruding, and explosively
bonding the tubes (see Table I). The last test section, representing Basic
Concept No., 2, was assembled as shown in figure 3 with the tantalum and stain-
less steel tubes providing the necessary stand-off distance for the static Nak

containment,
A, UNBONDED CONCENTRIC TUBES

Test Sections Numbers 1 and 2 (see Figure 4) contained Hg contain-
ment tubes of bimetal tube construction. The bimetal tube consisted of concentric
tantalum and 316 stainless steel tubes in intimafe contact, but not metallurgic-
ally bonded. The intimate contact of the bimetal tube was produced by cold
swaging. To prevent air exposure of the Ta during system operation, and the
resultant catastrophic oxidation, the tantalum tube was located entirely within
the 316 stainless steel envelope. The load-carrying structure of the section,
and of a full size SNAP-8 boiler containing this tube concept, was of welded
316 stainless steel. The two test sections, Numbers 1 and 2, were identical
except that the latter contained a mechanical seal at the mercury inlet end to
prevent mercury flow through a gap between the tantalum and 316 tubes which
forﬁed when the section had reached operating temperature. This gap results
from the significantly different thermal expansion coefficients of the two
materials between 75° and 1300°F, 3.8 x 10 ana 10.3 x 1070 in./in./°F,
respectively. Free movement of each relative to the other allowed the 316
stainless steel to pull away from the tantalum forming a 0.0015 inch radial
gap at llOOOF, the boiling temperature of the mercury in the test section.

This free relative movement also avoided the necessity of compensating for high
mechanical loads which might have been applied had the tantalum and 316 stain-

less steel been structurally connected.
B. BONDED CONCENTRIC TUBES

Test Section Numbers 3 and 4 (see Figure 5), contained concentric
tantalum and 316 stainless steel tubes which were metallurgically bonded into

7
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an integral bimetal tube construction to prevent separation during boiler start-
up and/or continuous heating at the operating temperature. The bonded tube of
Test Section No. 3 was produced by hot coextrusion by Nuclear Metals Division,
Whittaker Corp., Concord, Mass. The bonded tube of Test Section No., 4 was
produced by explosive bonding by Aerojet-General Corporation, Downey, California,
Catastrophic air exposure of the tantalum was avoided by the design utilized in
Test Section No. 1. However, the bond between the tantalum and 316 stainless
steel tubes was sufficiently strong to avoild the radial gap, The tantalum tube
yielded so as to expand with the 316 stainless steel during heating. The basic
structure of a full size SNAP-8 boiler containing this tube concept would be

316 stainless steel with the tantalum removed on the tube ends, thus avoiding
the problem of joining the tantalum to the 316 stainless steel., As was true of
the radial expansion, the bond was sufficiently strong to avoid failure due to

detrimental longitudinal loads.
c. NONCONCENTRIC TUBES WITH STATIC NaK CAVITY

The mercury containment tube of Test Section No., 5 (see Figure 6)
was made of Ta and the flowing NaK outer containment shell was made of 316 S8S.
The Ta was protected from the flowing NaK by a 321 SS tube which enclosed the
Ta tube forming an annular cavity filled with static NaK. 1In a full size
SNAP-8 boiler containing this design concept the entire mercury.containment
system, including mercury inlet and outlet manifolds would be constructed of
tantalum. To avoid continuation of tantalum outside of the boiler envelope
formed by the 316 stainless steel outer shell the Ta is joined to 316 stainless
steel piping, providing mercury containment outside the boiler, by means of a
tantalum/316 stainless steel transition joint (see Figure 6). The 316 stain-
less steel outer shell and 321 stainless steel flattened-oval tube are welded
to the 316 stainless steel side of the transition joint. Thus, the tantalum
structure is free to move independently of the combined 316/321 stainless
steel strucbure of the boiler but the Ta and stainless steel structures are
tied together through the two tantalum/316 stainless steel transition joints.
The 321 88 tube is of flattened-oval cross-section to accommodate the relative

diametral change between the Ta and stainless steel portions of the SNAP-8
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coiled boiler configuration due to differential thermal expansion as the boiler
heated up to operating temperature (see Figure 3)., The full scale SNAP-8
boiler assembly procedure places the Ta tube against the outside (relative to
the boiler coil diameter) radius of the 321 SS oval tube. When the assenmbly

is heated to boiler operating temperature, the coiled diameter of the 321 SS
oval tube grows more than the diameter of the tantalum tube coil due to the
greater thermal expansion coefficient of the former, as mentioned previously.
The differential coil diameter growth would ultimately place the tantalum tube
at the midpoint of the major axis of the 321 oval tube. The differential
growth in the coiled section of the boiler is accommodated by the relative
movement of the two tubes, as described above, however, the differential growth
in the inlet end, straight section (see Figure 3) is accommodated by a bellows,
Since Test Section No. 5 was entirely straight rather than partially coiled as
is the current SNAP-8 boiler conceptual design, all differential expansion
between the tantalum and stainless steel structures in test section No., 5 was
accommodated by a bellows at the mercury inlet end (see Figure 6). Nevertheless,
the oval 321 SS tube was used so that fabrication techniques, and the effect on

heat transfer of the nonuniform static NaK annular space, could be evaluated.

13




III. TEST PROCEDURES

: A.  TEST SYSTEMS

Iwo forced flow subscale SNAP-8 test systems were used to evaluate
the various test sections. These systems were -designed to provide the appro-
priate subscale mercury flow. They contained a primary NakK loop heat source,

simulating reactor heating capacity.

Test Sections, Numbers 1 through k4, were tested in Corrosion
Loop 4 (CL-4), pictorially described in Figure 7. CL-k consists of a primary
NeK loop containing a heat source coupled through the test section and a SNAP-8
simulated mercury superheater to a simulated SNAP-8 mercury-Rankine-cycle 1loop.
The mercury loop rejects its heat through a condenser to an air-cooled circu-
lating NaK loop. The primary NaK loop uses a resistance heater whiéh transmits
a low voltage through the NaK containment tube and the NaK to generate heat.
The mercury flow passage dimensions of the four single mercury tube test sec-
tions were identical. The passage was smaller than that of a single (one of
seven) full size SNAP-8 boiler tube. The operating conditions of CL-U were
set to reproduce SNAP-8 boiler operating thermodynamic conditions of mercury
temperature and pressure. This required a mercury loop flow rate of 525 pounds
per hour or approximately equivalent to 1/22 of the reference SNAP-8 mercury
flow, The test sections evaluated represent approximately the first L 1/2
feet of the SNAP-8 boiler. In the test section, the mercury was only partially
vaporized; therefore, a workhorse 9Cr-1Mo steel boiler was inecluded to achieve

complete mercury vaporization plus an additional lSOOF of superheat.

Test Section No. 5 was tested in the Seventh Scale Loop (SSL),
pictorially dgscribed in Figure 8. This loop was a two-loop forced flow system.
The primary NaK was heated by an electrical resistance type heater and the
mercury pump provided mercury flow in excess of 5,000 pounds pér hour.
Approximately one-half of the mercury flow from tﬁe pump discharge was diverted
through a bypass cooling loop and returned to the pump. The heater preheated
the liquid mercury at the pump discharge to SOOOF, the temperature at which

the mercury entered the test section. In this test section, the liquid

14
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mercury received sufficient thermal energy Ifrom the NaK to produce super-
heated mercury vapor. The vapor was then condensed in an air-cooled heat
exchanger. A non-flowing NaK loop contained the inventory required to fill
the static NaK annulus of test section No. 5. The static NaK system, not
shown in Figure 8, contained an expsnsion tank mounted above the test section,
a dump tank, and a static cold trap located in the cold leg between the dump

tank and test section.

The mercury flow passage dimensions of the single tube test sec-
tion No. 5 were identical to each of the seven mercury containment tubes in
the SNAP-8 boiler. The operating conditions of the Seventh Scale Loop were
set to reproduce SNAP-8 boiler operating thermodynamic conditions of mercury
temperature and pressure. This required a mercury loop flow rate of 1643
pounds per hour which is approximately 1/7 of the reference SNAP-8 mercury
flow,

B, OPERATING PROCEDURES |

After prescribed pre-test heat transfer calibration procedures
were completed on the installed test sections, the sections were operated at
conditions to produce equivalent SNAP-8 mercury temperature and pressure

within the test section.

During various operating periods, special tests were run to eval-
uate the effect of potential mercury loop contamination on the performance of
the test sections. These contaminants were air and Mix-4P3E, In the SNAP-8
system, air can enter the mercury loop as a result of a fallure in any component.
Some new air is also introduced on any system shutdown. Mix-4P3E, the fluid
usea for lubrication and cooling of various SNAP-8 components, can enter the
mercury loop by back diffusion through the space seals of the mercury pump or
turbine, or by start-up or shut-down problems., This cross-loop diffusion can
occur because the mercury and lubricant-coolant loops are exposed to a single

space cavity on the space side of the seals in the SNAP-8 system.
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1. Evaluation of Heat Transfer Performance

The heat transfer performance of each section was judged
using several analytical constants, by comparing the predicted values with
actual measurements made during test section operation. The predicted values
were arrived at using heat transfer design criteria supported by previous heat
transfer tests on single tubes. In this report the parameter used for indicating
actual heat transfer performance is the flowing NaK side temperature drop between
extremities of the test section. Again, comparison of the predicted or design
value, and the actual measured value indicated whether the test section
transferred heat from the flowing NaK to flowing mercury side at a rate required
in the full scale SNAP-8 boiler. A value significantly below predicted, or

design, would indicate that a heat transfer barrier existed.

After the performance tests were completed on each section,
they were removed from the system and metallurgically evaluated to establish
the cause of poor heat transfer, wherever this occurred, and whether any life-
limiting reactions had occurred during the test operation. The operational

test history of each of the test sections is presented in Table II.

2. 011 (Mix-LP3E) Injection Procedure

Using an ancillary injection system (see Figure 9), pre-
determiﬁed quantities of 0il were injected at the mercury inlet end of Test
Sections 2 and 3 during operation. The oil was prelcaded into a line parallel
to the test system liquid mercury line at the section inlet. This line was
isolated from the test system by valves. Before oil was injected into the
boiler, the valves were positioned so that the liquid mercury‘flow would be
directed through the line containing the oil. The mixture was subsequently

transferred into the test section.

18
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3. Air Injection Procedure

Controlled air injection into the mercury loop during
operation of Test Section No. 4 simulated various possible modes of air
contamination. The air was injected in either of two modes as illustrated
schematically in Figure 10, The first was at a controlled rate of air flow,
and the second was injection of a fixed, predetermined, volume of air. 1In
the latter instance, the air was injected into the section either at the inlet
or outlet., The test section was under an independent and continuously operat-
ing vacuum pump during air injection to insure the passage of air through

the system,
C. CHEMICAL CLEANING FPROCEDURE

During the operation of Test Sections 4 and 5 when poor heat
transfer performance was measured, it was postulated that air contamination
of the mercury loop had resulted in a heat transfer inhibiting oxide on the
tube wall. Operation was interrupted and the test sections were chemically
cleaned after the mercury was drained from the loop using the following

sequential chemical solution flushing procedure to remove this film:

Sclution
Identification No. Supplier General Descriptidn

4931 Turco Products Inhibited Sodium Bisulfate
4338¢ Turco Products Alkaline Potassium Permanganate
4931 Turco Products Inhibited Sodium Bisulfate
MX-12K Cee=-Bee Chemical Co. Potassium Hydroxide

HNO3 : - _ 40% Nitric Acid

MX-12K Cee~Bee Chemical Co. Potassium Hydroxide

HNO3/HF ' - 6.2% Nitric Acid/.Ok3% Hydro-

fluoric Acid

A distilled water flush was used after each solution flushing to remove

residues.
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D. ULTRASONIC INSPECTION OF METALLURGICALILY BONDED CONCENTRIC

TUBE TEST SECTIONS 3 AND L

Ultrasonic inspection was used to quantitatively evaluate the
degree of metallurgical bonding between the tantalum and 316 stainless steel
tubes in the fabricated and pdst-test condition. Prior to inspection, the
equipment was calibrated using an artificlally constructed standard so that
the "gate" (an adjustment limiting the search area for defects) bracketed the
bond interface. In this manner, spuricus indications not associated with
debonding were rejected. Using a pulse eého, through-wall transmission,
ultrasonic C-scan technique, the interface of the tube was inspected for
debond areas which were recorded approximately 1:1, on a chart. Planimeter
measurements of unbond areas on the C-scan recording provided a quantitative

measure of the debonding produced by the test operation. -
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IV, BASIC HEAT TRANSFER PERFORMANCE

Evaluation of test data from the five test sections, which included all
variations of the basic boiler tube concepts, indicated that the bonded bi-
metal tube variation of concept No, 1 (see Figure 3) provided acceptable heat
transfer performance, This concept was evaluabted in Test Sections 3 and 4,
Tube concept No. 2 evaluated in Test Section No. 5 also showed acceptable
performance. The measured acceptable heat transfer performance was based on
fhe demonstrated capabiliby of these three test sections to operate at rated
mercury outlet conditions while meeting the design criteria of flowing NakK

temperature drop across the section.

Test Section No. 1 actually transferred the heat efficiently, however,
post-test metallurgical evaluation indicated that the acceptable heat trans-
fer resulted because the annular space between the unbonded tantalum and 316
stainless steel tubes was filled with flowing mercury. In effect, a double
concentric mercury flow passage existed. This flow pattern defeated the prime
purpose of incorporating -tantalum for mercury containment, since the by-pass
flow contacted the 316 stainless steel tube inner surface. Proof of by-pass
flow, as an unacceptable condition, was provided by the mercury corrosion
attack of the 316 sthainless steel tube found in the metallographic specimens

examined from Test Section No. 1 (see Figure 11).

Test Section No. 2 operated with a very lov total NeK temperature drop
across the test section, approximately 3OOF, in contrast to the design value
of BOOF. This indicated that insufficient heat was being transferred through
the two (316 stainless steel and tantalum) tube walls from the flowing NaK
side to the mercury. Though this section was sealed at the inlet end to
prevent mercury flow through the annulus, the outlet end remained open to
mercury vapor back diffusion. It was postulated that the annular space
between the tubes formed at operating temperature-due to the widely different
thermal expansion coefficients (a calculation indicates a 0.0015 inch radial
gap at llOOOF), backfilled with a stagnant mixture of liguid mercury and

mercury vapor creating a heat transfer barrier.
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V. EFFECT OF OPERATION ON BOND OF METALLURGICALLY BONDED CONCENTRIC TUBES

The construction of Tegzt Sections 3 and 4 include metallurgically
bonded tantalum to 316 stainless steel tubes. The former was fabricated by
hot coextrusion and the latter by explosive bonding. The evidence that un-
bonded concentric tubes, evaluated in tests on Sections 1 and 2, did not
provide acceptable heat transfer performance, indicated that gross debonding

in the bonded tubes would not be acceptable for the SNAP-3 boiler.
A, TEST SECTION NO, 3 BONDED BY HOT COEXTRUSION

Ultrasonic inspection of Test Section No. 3, fabricated by hot
coextrusion, before and after operation indicated the L35 hour test had pro-
duced no debonding of the 316 stainless steel clad and tantalum tube liner.
Correlation of ultrasonic ingpection results with destructive metallurgical

evaluation was excellent.
B. TEST SECTION NO. L4 BONDED BY EXPLOSIVE BONDING

The construction of the bonded bimetal tube of Test Section No. k,
fabricated by explosive bonding, was different from that of Teast Section No, 3
in one respect. The latter could be produced with no unbonded areas, while the
former could not. The explosive bonding process required that the two tubes be
separated slightly when the explosive charge was detonated to effect the bond-
ing of the two materials, Control of this separation necessitated the strategic
location of 1/16 inch diameter dimpled (inherent with explosive bonding) areas
along the length of one of the tubes. Bonding did not occur at these locations
of tube contact. In Test Section No. 4, the sum of the unbonded areas comprised

1.23% of the total interface area of the test section.
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The section was evaluated for debonding twice during the total

operating periocd of 2599 hours. The resulbts are shown below:

DEBONDING OF TEST SECTION NO. L

Operating Time Extent of -

Prior to Inspection (Hours) , Unbona ) (%)
As Fabricated 1.23
369 2.22
2012 ol 2.36

(1} Expressed as percentage of total interface area of test

gection.

Complete correlation of ultrasonic inspection results with
destructive metallurgical evaluation could not be attained because during
the air injection tests, cracking occurred'in the tantslum liner from the
mercury exposed surface to the tantalum-316 stainless steel interface. The
inspection technigue could.nét reliably evaluate the degree of unbond in thssze
areas., Lt was also found that the tantalum cracking, and mercury coxrosion of the
316 stainless steel under the tantaluwm cracks were not detected. A typical ares
containing these defects is shown in Figure 12. It was postulabted that the
incqrporation of an additional scan using the ultrasonic shear wave techanlgue
could correct this deficiency in the inspection procedure; however, develop-
ment work in this area had not been accomplished at the timerthis section was
ins;pécted° It would sppear that regardless of the capability of the ultra-
sonic ingpection technique for detecting these areas, this gross air contemine-
ation of the tantalum liner, in sn operating SNAP-8 bvoiler would not be
acceptable and must be avoided through reliable boiler and system design,

and dmproved system operating procedures during ground testing.
c. LABORATORY ENVIRONMENTAL TESTS ON BONDED BIMETAL TUBES

A study wvas conducted on tube speciwmens representing each bonded
tube febrication procedure. This study was independent of the subscale loop
tests on Test Sections 3 and k. ghort lengths (15 to 17 inches) of hot
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coextruded and explosively bonded tubes were exposed in a vacuum furnace to a
thermal environment which included cycling between 300O and 13500F and long
dwell periods at 13SOOF to evaluate the debonding potential under a simulated
SNAP-8 boiler operating environment. The specimens were periodically removed
from the furnace and evaluated by ultrasonic inspection, utilizing both through-
wall, pulse echo, and shear wave techniques. There was no debonding detected

in four hot coextrusion specimens which accumulated varying exposure histories
up to 3043 hours at 135OOF and 110 thermal cycles, thus confirming the non-

debonding performance of Test Section No. 3.

The results of explosively bonded tube specimens (see Figure 13)
indicated that the quality of the bond, and the debonding potential of
pre-existing unbond areas, was related to the amount of unbond in the as-
fabricated tube. For example, the specimen cut from a tube containing MO%
unbond, which on a comparative basis is considered poorly bonded, exhibited
a much greater tendency Tor growth of pre-existing unbond areas than specimens
cut from tubes containing higher quantity bonds (+tlhe entire tube conteining

15%, or less unbond).

It was concluded from these test data and the subscale loop tests
that tantalum to 316 stainless steel bimetal tubes bonded by either hot co-
extrgsion or explosive bonding demonstrated the potential for providing up to
40,000 hour SNAP-8 boiler mercury contaimment tube life, The former method was
preferred because the product contains no pre-existing sites for debond growth
as does the latter. However, as long as the explosive bonding process was
carefully controlled it appeared capable of producing tubes with a bond area
of equal to or greater than 95%. Such a tube merits consideration for SNAP-8
boiler use in the event that the hot coextrusion process can not be developed

sufficiently to produce acceptable tubes of the required 20 to.25 foot length.
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VI. EFFECT OF MERCURY LOOP CONTAMINATION

The interstitial elements, carbon, oxygen, nitrogen, and hydrogen are
readily absorbed by tantalum, the diffusion rate into the tantalum and the solu-
bility limits being temperature dependent. The atoms of these elements diffuse
between the atoms of the tantalum, residing in these interstices. At an inter-
stitial elemental content greater than the solubility 1limit, as long as a con-
tinuing source is available, a reaction with the tantalum will occur forming a
carbide, oxide, hydride or nitride. Until this latter reaction occurs, the
presence of the interstitial elements is not visible microscopically. When the
reaction does occur, the reaction product is generally observed as a precipitate
in the matrix of the tantalum. To varying degrees the presence of these elements
change the mechanical properties of the tantalum, generallybincreasing the

strength and reducing the ductility.

Chemical analytical procedures were used to determine the interstitial
element content of the tantalum in the test sections before and after exposure.
Analysis was usually complemented by a microhardness measurement made on the
tantalum because of the direct relationship between this property and inter-
stitial element content. The procedure used in these studies was vacuum fusion
analysis for gases and conductometric analysis for carbon. Pretest and post-
test- analytical results were compared to establish the extent of contamination
resulting from operation. The effect of the contamination on heat transfer
performance was established by previously described criteria of NaK temperature
drop across the test section.

Air contamination at high temperature generally resulted in an increase
only in oxygen content unless the amount of air was extremely large. It was
found in previous studies that tantalum preferably absorbs oxygen from air
until the oxygen content approaches the saturation limit. Then nitrogen would
begin to diffuse into the tantalum. Oil contamination, at least the type used
on the SNAP-8 program, generally, resulted in absorption of carbon, and hydrogen
by the tantalum, presuming that elevated temperature oil decomposition had
occurred., Associated with decomposition residue which forms as a heat transfer

inhibiting £ilm on the surface is a high carbon, and hydrogen, content.
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A. ARTIFICIALLY INDUCED MERCURY LOOP CONTAMINATION

1. Mix-4P3E Injection

In the operating SNAP-8 system, some oil will diffuse from
the lubricant-coolant loop of.the system into the mercury loop through the
turbine and mercury pump space seals. The two loops are exposed to a common
chamber on ﬁhe space side of the seals. Two potentially detrimental effects
of oil in the mercury loop are postulated. Both result from thermal decomposi-
tion of the oil when exposed to the high SNAP-8 boiler temperature of greater
than 1100°F. The critical temperature range for oil decomposition is 8Q0° to
850°F. First, the decomposition forms elemental carbon and hydrogen. An
excess of these elements in the tantalum can cause severe hardening and
embrittlement of this material. Second, oil decomposition results in forma-
tion of a carbon residue and/or varnish which, if deposited as a coating on the

tube wall, acts as a heal transfer inhibiting layer.

Test Sections, No. 2 and 3, were used to evaluate the effect
of the presence of Mix-ULP3E oil in the test section during operation. Mix-LP3E
oil was injected into the mercury system at the test section inlet and the
mercury flow transported the oil into the section. The guantity injected at one
time was 2.5 grams. This amount represents the equivalent (based on scaling
factor) total quantity of oil entering one tube of the seven tube SNAP-8 system

boiler during 10,000 hours of continuous operation.

Test Section No. 2 did not represent a valid heat transfer
test because the effect of the oll injection on performance could not be estab-
lished with certainty due to the inherent poor heat transfer of the test section

design.

During steady state operation of Test Section No. 3, prior
to oil injection, the test section exhibited design-predicted heat transfer
performance as indicated by a flowing NaK temperature drop across the
section of 110°F. Two 2.5 gram charges of Mix-L4P3E oil were individually
injected into test section No. 3. The first injection was made after 235

hours of operation and no change in the NaX temperature drop occurred with
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this first injection. The mercury flow was then stopped, simulating mercury
system shut-down; however, the NaK flow was continued at llOOOF. Mercury
flow was restarted after 16 hours and no change in heat transfer performance
was indicated as seen by a continuous NaK AT of 110°F. A second 2.5 grams
of Mix-UP3E was injected into the mercury loop and the above procedure re-
peated. During the operating period immediately following injection, no
change occurred. After shutdown and restart, the heat transfer performance
was degraded from the condition which existed prior to the shutdown. The
NaK temperature drop across the test section had decreased from llOOto BYOF.
Operation of the test section was continued without making any changes in
the loop operating parameters. During the following 36 hours, the perform-
ance of the test section returned to its original heat transfer level. A
gecond shutdown and restart was performed with no resultant heat transfer

performance degradation.

Post~test visual examination of the mercury tube, after it
was cut longitudinally, revealed a black deposit in the mercury flow channel,
at the mercury inlet end of the tube. However, post-test chemical analysis
indicated that no detrimental effect on the tantalum resulted ffom the
Mix-4P3E decomposition. This test section also showed no significant increase
of carbon, or hydrogen in the tantalum liner.

2. Postulated Theory of Performance Degradation Due to
Mix-4P3E

The following mechanism‘was postulated to explain the per-
formance of the test section resulting from the Mix-4P3E oil injection.
The viscosity of the oll was markedly decreased by the increased exposure

temperature. Furthermore, at L00°F and above, the oil completely wets the

mercury and a mechanical mixture of oil and mercury exists in the flowing mercury.
For the reaction below LOO0°F, the oil exists as spherical droplets in the mercury.
To further describe the phenomenon above 4O0°F, if a small quantity of oil is
dropped on a free surface of mercury, a very thin film forms over the entire
mercury surface; whereas at 75°F the oil remains on the surface as a drop. The

contact angle between the drop and the mercury surface would be less than 90
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degrees in the latter case. The test section inlet temperature was approximately
500°F, therefore, the former condition would exist. This situation, in combina-
tion with the ability of tantalum to become wet by mercury (i.e., formation of

a surface adherent thin liquid mercury film) in the all liquid mercury portion

of the test section, and the turbulent flow of mercury through the test section
acted in concert to prevent contact of the oil with the tantalum tube wall. If
contact had occurred, the oil would have been decomposed since the tantalum tube
wall temperature (varying up to l}OOOF) exceeded the bulk decomposition tempera-
ture of the oil, 800° to 850°F.

Whnen the mercury flow stopped, the mercury cooled and the
mercury vapor in the system condensed, a vacuum in the non-filled portion of the
loop was created. This space was subsequently filled with mercury and non-
decomposed oll vapors and oil decomposition gases, primarily hydrogen, COp, CO
and methane, to satisfy the equilibrium partial pressures of these congtituents
throughout the system. When the non-decomposed oil vapors contacted the tantalum
tube wall, which was maintained at 1100°F by the continuously flowing NaK,
decomposition resulted producing a carbon film on the tantalum surface. Similarly
a film was produced as a result of a reaction between the tantalum tube wall and
the oil decomposition gases. In effect, the test section tube wall gettered

most or all of the oil vapor and decomposition gases in the system.

Additional analytical and experimental work is being performed
at Geoscience Limited, Solana Beach, California under the auspices of NASA's
Lewis Research Center in an effort to gain a complete understanding of the

phenomena,.

In the Mix-4P3E oil inJjection test on Test Section No. 3, the
first 2.5 grams of oil injected did not affect the performance of the section

for several postulated reasons.

As long as the test system operation continued after the
injection, the oil could not contact the tube wall and no heat transfer inhibit-
ing decomposition film could be deposited at the mercury inlet end of the boiler

which is the most critical heat transfer area.
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Upon shutdown, the film was deposited but the total
amount of oil available and/or the total down time was not adequate for a film
buildup to reach that critical thickness which would affect heat transfer per-

formance during the subsequent operating period.

The 2nd oil injJection of 2.5 grams did not cause heat transfer performance
degradation as long as system operation continued, because the conditions of
operation prevented the oil from contacting the tube surface. However, when

the mercury flow was stopped, two sources of surface film buildup were now

possible.

The undecomposed oil remaining in the system from the

first injection of 2.5 grams.

The second inJjection of 2.5 grams.

Based on degraded heat transfer performance after mercury system restart follow-
ing the second injection, it appeared that the film deposited during shutdown

following the first injection of 2.5 grams plus that contributed by one or both
of the above sources produced a critical amount of decomposed oil film thickness

on the tantalum.

During the subsequent continuous operating period of 36 hours
the flowing mercury produced a scrubbing, self-cleaning action and a sufficient
amount, though not all as evidenced by the remsining black layer seen during
post~test inspection, of this film was mechanically removed from the tube wall.
The original heat transfer performance, indicated by a flowing NaK temperature

drop of 110°F through the test section, was restored.

After this recovery was completed, the mercury loop‘shut down
and the restart procedure was repeated with no detrimental consequence on heat
transfer performance indicating that a sufficient portion of the total 5 grams
of oll injected into the system had been decomposed during the previous two shut-
downs. Therefore, decomposition of any remaining oil did not produce a critical

film thickness on the tube wall to affect heat transfer performance.
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3. Air Injection

Test Section No. 4 operated with an air injection system which
simulated air leakage into the mercury system during a PCS system failure. Data
analysis indicated that a reaction between the tantalum tube and some presently
unknown amount of air in the system would degrade heat transfer performance and
change the mechanical properties of the tantalum. A detrimental reduction of
tantalum ductility could result. The mechanical properties were changed as a
result of interstitial absorption by the tantalum of the oxygen and nitrogen from

the gas in the system.

Using the technique described in Section III-B-3, eleven air
injections were made (see Table III). The injections were made into a non-
flowing mercury system but with flowing NaK in the primary loop, which produced
a high temperature tantalum tube wall varying between 1000° and 1200°F. The
high temperature of the tantalum simulated the SNAP-8 operating temperature which
facilitated diffusion of the gases into the tantalum tube wall. The performance
of Test Section 4 during these experiments verified the detrimental effects of
air on heat transfer performance of tantalum tubes. DBased on these tests and
visual observance of disassembled test sections after confirmed air leakage due
to mercury loop failures (described below), it was apparent that the cause of
the reduced heat transfer performance was a tantalum oxide surface film produced
by the reaction of tantalum with air at elevated temperature. This film forms

very rapidly above LOQCF.

Quantitative analysis of the test data from air injection into
Test Section 4 was not possible because it was established, as part of post-test
evaluation, that a NaX loop to mercury loop leak probably existed during most,
if not all, of the test series. The lesk was confirmed by detection of NaK in
the mercury inventory. It had been established by previous experiments that
alkali metal additions to mercury would significantly enhance heat transfer
performance by facilitating removal of metal surface oxides and consequently
wetting of the wall by the mercury. Therefore, the air injection test results
were, if anything, conservative in their indication of the detrimental effect
of air on the heat transfer performance of tantalum mercury containment tubes in
the SNAP-8 boiler. Had there been no NaK in the mercury, the heat transfer per-
formance of the test section would probably have been much more adversely affected

by the air injection.
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TABLE III

ATR INJECTION INTO TEST SECTION NO. L

Air Injection

IX Agcumu%az?d Ta Tub Total IA?tei'Aifl)

Injeiiion Expzzuge Piior ;emg © Rate Qiait. nJ;;KlZE Injection(g)
Test No. to Injection OF cc/min cc/(STP) O Procedure
1 0 1000 0.5 1.k 120 A
2 25 1200 0.5 1.4 100 B
3 210 1200 0.5 1.4 60(3) B
i3 235 1200 0.5 1.k 120 B
5(”) 255 1100 0.5 1.4 100 B
6(4) 280 1100 2.5 69.6 120 B
T 300 1200 3.5 195 100 B
8 440 1100 (5) 15.8 80 ¢
9 530 1140 (6) 31.6 | 35 B
10 625 1200 (1) 2785 T1 B
11 815 1200 1.5 250 50 D

Notes:

(1) Base Point: NaK AT = 120°F.
(2) The following four different modes of air injection were used in an attempt
to simulate four potential mercury loop air leak conditions.
(A) Air injection at slow controlled rate into test section inlet.
(B) A fixed volume of air, 500 ml, was injected at the test section inlet.
(C) Same as "A" above except that injection point was at the TSE mercury
superheat outlet.
(D) Same as "B" above except that injection point was at the test section
outlet.
(3) The third injection was made at a very short operating interval after the
second injection. The NaK AT base point was 100°F.
(4) The mercury loop was not evacuated prior to restart for these tests only.
(5) A single quantity of 500 ml of gas was injected. The 500 ml was a mixture
of air and argon. The relative proportions were established by partial
pressures, i.e., L inch mercury partial pressure of air in T4 psig argon.
(6) A single quantity of 500 ml of gas was injected. The 500 ml was a mixture
of air and argon. The relative proportions were installed by partial
pressures, i.e., 2 inches mercury partial pressure of air in T4 psig argon.
(T) 500 ml bottle filled with pure air at 75 psig was injected.
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A minor air-tantalum interaction was evident in tantalum
samples from the plug insert region, and was characterized by: an increase in
the oxygen from a pretest value of 85 ppm to T4O ppm in the tantalum liner,
the development of a subsurface oxide, approximately one mil deep in the
tantalum liner and tantalum plug, and by an increase in the tantalum ID micro-
hardness and plug OD microhardness (see Figure 14). A major tantalum-air inter-
action was evident in the area immediately downstream of the plug insert region
and was characterized by an extensive cracking in the tantalum liner (see Figure

15), and reduction of the wall thickness of the tantalum liner.

Cracks were evident in the liner ID, OD, and center, and
several extended from the tantalum liner ID to the OD. Microhardness measure-
ments taken adjacent to the cracks were approximafely equivalent to micro-
hardness measurements taken in the uncracked area. When tantalum-air inter-
action occurred, the microhardness incregsed and when the diffused oxygen
concentration exceeded the saturation solubility limit for the exposure fempera—
ture, tantalum oxide precipitation occurred in the grain boundaries and on
certain crystallographic planes. One explanation for the cracking would be
that it was caused by the combined effect of thermal cycling stresses and

reduced ductility of the tantalum due to the air-tantalum interaction.

A The tantalum liner wall thickness in the plug exit region
varied from 1t to 19.5 mils. The variation of the "as-received" sample was
18.8 to 19.5 mils. No particular correlation was found between the cracking
and the wall thinning. For example, ID to OD cracking was found in a thin
wall and normal wall thickness areas. The tantalum wall thinning was probably
the result of ID oxidation of the tantalum liner followed by spalling of the

oxide layer.

Stainless steel leaching was evident in the plug exit region.
The mercury attacked the stainless steel internal diameter surface and leached

out certain areas (see Figure 15). The attack occurred in areas adjacent to
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cracks that formed at the tantalum to stainless steel interface. Apparently
the mercury diffused through the network of cracks in the tantalum liner
ultimately contacting the 316 stainless steel clad at the tantalum/516 stainless
steel interface. Subsequent leaching-type corrosion, typical of mercury attack
of 316 stainless steel, occurred. Based on this corrosion mechanism, and the
anticipated rate of attack established by other studies, the Type 316 stainless

steel tube was estimated to be under attack for 610 hours.
B. Hg LOOP CONTAMINATION CAUSED AFTER TEST SYSTEM FAILURE

1. Test Sections 1, 2 and 3

Air was nct intentially injected into these sections and there
was no obvious system failure which could have resulted in air contamination.
However, interstitial analysis of the tantalum indicated that an undetected
source of air had contaminated the tantalum tubes in each of these test
sections. An increase in hardness as a result of section operation, determined
by microhardness measurements, confirmed the chemical analysis results. The pre-

and post-test comparative data were as shown in Figure 16.

The interstitial analysis and microhardness checks indicated
that the tantalum in each section picked up oxygen and nitrogen, especially
near the mercury inlet end of the tantalum liner. Some increase in strength
and a reduction of ductility of the tantalum could be expected from the increase
in oxygen and nitrogen content but it is likely this would not significantly
affect the corrosion resistance of the tantalum liner. The most likely sources
of the nitrogen and oxygen were alr contamination during the mercury loop out-
gassing procedure performed at startup or in-leakage of air when, during mercury
loop shut-down, a subatmospheric pressure resulted from mercury vapor condensa-

tion.

The data indicated-that there was no internal contamination
of tantalum from the thermal decomposition of Mix-4P3E in Test Sections No. 2
and %, which were subjected to oil injection tests. Nelther was there oil
contamination from the oil diffusion pumps used prior to loop startup. The

tantalum liner increased primarily in oxygen and nitrogen content with no carbon
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or hydrogen pickup noted. Any increase in the latter two elements would have
been measured if oil had inadvertently entered the loop. It appeared that the
breakdown of Mix-UP3E injected into Test Sections No. 2 and 3 did not materislly
contribute to tantalum contamination and that in-leakage of air during startup
or test operation was the main source of interstitial buildup. There was an
indication of much less air contamination during the test of Section No. 3

when compared with the first two test sections.

2. Test Section No., kb

After 165 hours of Test Section No. 4 operation, a momentary
commercial power loss shut the loop down. The reference operating conditions
were restored in approximately 5 minutes, and it was noted at this point that
the heat transfer performance of the section had degraded. This was indicated
by a sudden reduction in the NakK temperature drop. After 99 hours of additional
operation withAthe continued poor performance, a mercury leak to air was found
in the test section outlet pressure transducer and the loop was shut down for

repair.

Upon completion of repairs, the test section was restarted
and the heat transfer performance of the boiler was still subnormal. Operation
continued for an additional 105 hours with no change in performance., At this
time the test was discontinued and the test section was removed from the
system. An interstitial element analysis was performed on a segment of the
tantalum tube., The stainless steel clad was dissolved with agua regia and
the tantalum analyzed for interstitial elements of C, H, N, and O. The

results were as follows:

Content of Tantalum (PPM)

Element Post-test Pretest
c 65 37
H 16.5 2
N 215 37
0 365 85
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The sources of the above elements were air (O and N) and oil (C and H). Air
could have been introduced through a system leak, and oil could enter by back
diffusion from the oil diffusion pump used in system evacuation during the test

of this and previous sections.

The Test Section was chemically cleaned to remove any heat
transfer inhibiting surface films, using the solutions described in Section III-C.
The residues present in the test section were collected on a filter incorporated
in the cleaning (forced-fluid flush) system. To prevent mixing of residues from
the cleaning system, with those from the test section, a second filter was placed
at the end of the test section through which the fluid entered. The test
section residue contained 10.2% C, and 1.49% H, which was indicative of oil

decompogition on the tantalum tube surface.

A transverse sample of the bimetal tube was removed from the
inlet end and evaluated metallographically. No subsurface precipitated tantalum
oxldes were visible in the microstructure. However, a microhardness traverse
through the tantalum liner indicated converted hardnesses of Rockwell B 88, 96,
and 107 at the stainless steel interface, at the center of the tantalum wall,
and at the mercury exposed inner surface, respectively. In comparing a pretest
hardness of 7O, and considering the marked hardness gradation, there was an
obvious indication of hardening as a result of exposure to some contaminating

environment on the mercury side of the bimetal tube.

After cleaning Test Section No. 4 was re-installed in the loop
for continued testing. Upon restart, heat transfer performance of the test
section was as poor as it was immediately prior to the previous shutdown and
cleaning, and remained so through 218 hours of additional operation. The NaK
temperature drop was approximately 50°F compared to 1300F during the first
run. The test was terminated and the section was removed for recleaning.

When the section was removed from the test loop an abundance of white powder
was discovered inside the tube at the mercury outlet end. An X-ray diffraction
analysis identified this substance to be primarily Ta205. An insignificant

amount of C, H and N were also present in the tube. It was apparent that
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during the run following the first cleaning operation an undetected air leak
existed in the system downstream of the test section mercury outlet. After
recleaning, using the same procedure as was used the previous time, and resump-

tion of test operations rated heat transfer performance was produced.

3. Test Section No. 5

a. Operational History

Test Section No. 5 operated for a total of 2858 hours,
which included 12 restarts. During a majority of the restarts, the initial
heat transfer performance was poor. However, performance improved with con-
tinued operation and generally rated performance was achieved within 50 to 175

hours after each startup.

Approximately half way through the testing of this
section, the SNAP-8 project adopted a more stringent procedure for starting
any system containing a tantalum mercury containment component to avoid un-
detected mercury loop leaks which would produce air contamination of the tantalum
tube. Prior to the procedure change, during system start the mercury loop was
evacuated to approximately 10 microns maximum, and the primary NaK loop
inventory was heated to 1300°F. The NaK was flowing through the NaK side of the
test section, and therefore heated the tantalum which aided in mercury loop out-
gassing. If an air leak existed, the heated tantalum absorbed the gas and

became contaminated.

The new system start procedure required that during
heat-up of the NaK primary loop, prior to heating to above LOO°F (critical
temperature for surface tantalum oxide formation), the integrity of the loop
would be checked by performing a pressure-rise rate test. This was accomplished
by isolating the vacuum pump from the loop by valving and measuring the rate of
pressure buildup in the loop. This test indicated whether the loop was leak-
tight. The acceptance criteria was that within 24 hours the rate of pressure
increase must be reduced to a‘point which showed an asymptotic relationship to
some low value, obviously not indicative of an alr leak but rather due to a

very slow outgassing of the loop materials toward an equalized internal pressure
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condition. The use of this procedure during one restart checkout resulted in
the discovery, and replacement, of a leasky valve in the vacuum take-off line

downstream of the condenser. This valve could have been leaking air into the
system during the entire previous test history causing tantalum oxidation and

subsequent conditioning problems experienced during every shutdown.

A second operating procedure change was made to protect
against undetected, but small, Hg loop leaks of this type. Originally during
the system shutdown, there existed a period of time, after mercury flow ceased,
when the mercury loop pressure dropped below atmospheric due to mercury vapor
condensation, thus accentuating the potential for air introduction. Sincé the
primary NaK loop continued circulating, the tantalum remained above the critical
surface oxidation temperature of LOO®F. The procédure change required an argon
back-fill of the Hg loop upon the cessation of Hg flow to insure an internal
pressure above atmospheric at all times. Thus, system protection against air

introduction through an undetected leak was maximized.

Two running periods followed the above repair and changed
operational procedures. The test section performed poorly immediately upon each
restart, however, an improvement was noted with operating time. Vacuum decay
tests and a helium leak check following this second period disclosed a leaking
pressure transducer fitting on the condenser inlet line. This fitting was
tightened and pressure decay tests verified the absence of leaks. The test
section was restarted and again the poor performance wag obgerved. Apparently
the leak had been so large that the changed system operating procedures had not
been sufficient to protect against boiler contamination. The heat transfer
performance improved steadily over the next TO hours of operation, although rated
performance was never achieved. At this time, four rapid power losses occurred
and three hours later the heat transfer performance had degraded rapidly. During
the next four days the section was operated at reduced mercury flow in an
unsuccessful effort to improve boiler performance. After a total operating time
of 164 hours, large amounts of mercury were discovered beneath the mercury con-
denser and the test section. The test operation was manually shut down and a
leak was located at the junction where an 1/8 inch pressure transducer sensing

line was welded to the condenser inlet line.
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During this shut-down period the test section was cleaned
using the chemical solutions described in Section III-C. to remove any heat
transfer inhibiting oxide films which may have formed during the previous
operating periods with air leaks. After system repair and test section clean-
ing, the test was resumed., Immediate rated heat transfer performance of the
section was achieved at startup and continued through the balance of the run
which lasted for 165 hours.

The operational history, and heat transfer performance of
this test section indicated the extreme criticality of having good control over
the integrity of the system. Every effort must be made in operating a high
- temperature system containing heat transfer surfapes of tantalum to keep the
system free of leaks. Any air leak results in a reaction with the tantalum

producing a heat transfer inhibiting tantalum oxide surface film,
e Post Test Evaluation

Post-test evaluation by microhardness measurement and
interstitial‘element analysis, see Table IV, after the final 165 hour operating
period indicated tantalum tube contamination apparently had occurred, notably by
carbon and oxygen., However it obviously was not sufficient to detrimentally

affect the satisfactory heat transfer performance of this last test run.

TABLE IV

INTERSTITTAL ELEMENT CONTENT OF Hg EXPOSED SIDE
OF THE TANTALUM TUBE IN TEST SECTION NO. 5

Interstitial Analysis (PPM)
Distance from Hg Inlet (inch)

Element Pretest 17 58 114 177 282
Oxygen 20 4o 45 38 65 65
Nitrogen : 39 b6 35 2k W7 10
Hydrogen 11.5 17 8 8 7 6
Carbon 10.5 75 55 62 90 200
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An interstitial analysis of the tantalum mercury inlet flow
restrictor and tantalum-10% W turbulator wire of the test section also showed
apparent marked carbon contamination, notably at the mercury inlet end of the

flow restrictor and the mercury outlet end of the wire (see Table V).

CTABIE V

TANTALUM PLUG AND TANTALUM-10% TUNGSTEN WIRE INTERSTITIAL
CHEMICAL ANALYSIS OF TEST SECTION NO, 5

Sample Location Inches

from Hg Inlet Element (ppm)
02 ,Né . Hé C

Flow Restrictor

13-1/2 8l 28 9 1010
hs-1/k 81 19 8 T0
60 71 35 8 83
Wire
64 100 11 8 75
355 335 L 3ko

A surface coating was noticed on the mercury exposed surface
of all tantalum components in the test section. -These included the inside
wall of the tantalum tube, the outside surface of the tantalum mercury flow
restrictor, at the mercury inlet, and at the outside surface of the tantalum
alloy (Ta-109W) turbulator wire downstream of the flow restrictor. The
coating appeared as a mixture of microstructural constituents when viewed at
high magnification. Of particular significance was the presence of a similar

coating on the as-received tantalum tube (see Figure 17). An investigation
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was conducted to evaluate the nature of the coating and perhaps establish a
reason for no adverse effect on heat transfer performance.
(1) Surface Film Physical Structure and

Chemical Composition

The test section tantalum tube internal diameter
(ID) coating thickness varied along the tube length, reaching the maximum
of .003 inches at a point 60 inches from the mercury inlet. Emission
spectrograph, X-ray fluorescence, and milcroprobe analysis was used to
establish the composition of the coating. The unexposed (as-received) tube
contained primarily Al, with small amounts of Mg and Fe in the surface
residue. These elements originated as some unknown contaminant during the
tube fabrication process or perhaps during subsequent storage. The Al and
Mg elements are highly soluble in mercury, even at TSOF, therefore, it is
postulated that removal through test section operation would have occurred.
The post-test surface deposit chemistry indicated approximately 43 wt% Ni and
approximately 37 wt% Ag as primary elements in the film. Less than 1% each
of the following, Cl, Fe, Cr, K, Al, Ca, Pu, Mn, Zr and Nb were also found.
The silver found on the tantalum tube ID probably originated
as an impurity in the mercury. A typical analysis of pure mercury prior to
loading in the system shows approximately 0.1 to 0,15 PPM Ag, This element
will drop out of the solution as a solid precipitate in the heat transfer
region as the Hg vaporizes. The nickel on the tantalum tube ID was leached
out of the stainless steel in the liquid leg of the loop and mass transferred

to the tantalum as mercury vaporization occurred.

To determine the composition profile of the tantalum
tube ID coating, a microprobe traverse for Ni, and Ag was run across the
coating. For some unexplained reason, silver was not detected in the traverse.
Nickel was found in the ID coating with é semi-plateau indicating a probable
metallic compound, at 35 to 50 wt%. Nickel diffusion into the tantalum was

found extending approximately 12 microns below the surface.
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(2) Surface Coating Structure

The surface structure analyses were performed with
the aid of X-ray diffraction, and electron diffraction analysis. Three com-
pounds on the tantalum tube ID surface were ildentified. They were TaC, Ta205
(B form) and TaNi5. Other compounds were present in the tantalum tube ID coat-
ing, however, they could not be identified. Since the only major element on the
tantalum ID aside from tantalum was Ni, some form of nickel-tantalum compound
apparently made up the metallic layer confirming the previously described micro-
probe analysis. The Ta205 (B) present in the tantalum tube ID probably resulted
from air contamination entering the system through the previously mentioned
leaks which probably existed for some time without detection. The only potential
source of carbon, found as TaC, was the possible contamination of the system by
oll. Subsequent tantalum tube heating could have decomposed the oil, depositing
a carbon-rich film on the surface which subsequently combined with the tantalum

forming the compound TalC.
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VII. EFFECT OF CHEMICAL CLEANING

The effectiveness of chemical cleaning performed on Test Section No. 4
and 5 should be viewed in termé, not only of the resultant subsequent heat
transfer performance, but also in terms of the presumed system conditions
during the run following the cleaning process. This is so because chemical
cleaning could remove any heat transfer inhibiting surface film, however, its
effect would be completely nullified if the system contained an air leak, or
allowed oil back diffusion, during the subsequent restart. In a great many
instances, the integrity of the loop during the restart, following cleaning
of these test sections became questionable when a leak wés detected in the

system shortly after restart.

The chemical cleaning procedure used on these test sections was
originally developed for the removal of decomposed oil residues from 9Cr-1Mo
steel, SNAP-8 boiler tube surfaces. It had proven effective several times
in full scale boller tests. Prior to its use on tantalum, laboratory tests
confirmed the effectiveness of the procedure, not onlf for removal of oil
but also for surface tantalum oxides which were rapidly formed above MOOOF.
Az a result of the initial experience gained in cleaning and subsequent
operation of the tantalum %test sections, a deficiency in the procedure when
applied to tantalum became apparent. This deficiency in cleaning procedures
and subsequent operation of the test system was not apparent when used for
9Cr-1Mo steel. The cleaning procedure as initially developed used the first
three chemicals shown in Section ITI-C, However, these were followed by a
single final rinse with sodium hydroxide. This original procedure was used
to clean Test Section No. 4 during fabrication. It appeared from the
initial poor heat performance that the cleaning was not effective, After
approximately 2 hours of operation an abrupt (within 15 minutes) improvement

in performance occurred.

It was postulated at that time that the cleaning procedure actually
left a film on the tantalum surface and that it required the 2 hour operat-
ing period for the flowing mercury to mechanically scrub this film off.

Subsequent laboratory tests indicated that the sodium hydroxide formed a
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sodium tantalate which is not readily soluble in water. Thus the subsequent

final water flush did not thoroughly clean the tantalum surface. To correct

this deficiency changes were made in this originally developed cleaning procedure
leading to the ultimate procedure as described in Section III-C. First, potassium
hydroxide was substituted for the sodium hydroxide. A potassium tantalate is
formed but this compound is readily soluble in water. Second, additional alternat-
ing acid and hydroxide flushes were incorporated. The addition of neutralizing

flushes insured the complete absence of any residual films.

Demonstration of the adequacy of the cleaning method was provided by the
single chemical cleaning performed on Test Section No. 5. After 2693 hours of
operation, including 10 restarts, which witnessed almost continuous degraded heat
transfer performance, the test section was cleaned and the integrity of the
mercury loop confirmed. Immediate rated heat transfer performance followed on
restart. This performance continued unchanged for the remaining 165 hours of

operation.

It was concluded that this cleaning procedure would remove contaminants
from the tantalum tube wall which would otherwise inhibit heat transfer
performance. The method appears desirable for cleaning during fabrication of
boilers to insure predictable immediate performance upon start-up. It should
be rgcognized, however, that this procedure removes film, and does not prevent
their formation. There is no substitute for a properly fabricated and high

integrity test loop which will keep contaminants out.
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VIII. MERCURY CORROSION OF TANTALUM

Post-test evaluation of all test sections indicated that no mercury cor-
rosion of the tantalum tube wall had occurred. The methods used were metallography

and actual pre and post-test wall thickness measurements.

Test Section No. 4 was the only section in which a marked feduction of
tantalum tube wall thickness was measured at the end of the test. This reduction
occurred at the downstream end of the section. A maximum wall loss of 0.0048
inch was measured. This was the test section on which the air injection test
series was conducted and the wall loss was attributed to a tantalum/air reaction
producing a powdery, non-adherent, tantalum surface oxide; The effect of this
reaction was previously described in Section VI-A-%. It is sufficient here to

point out that the cause was not a tantalum/mercury reaction.

The tantalum tube of Test Section No. 5 showed no apparent evidence of
mercury corrosion attack. An occasional surface pit was found during post-test
metallurgical evaluation (see Figure 18) but this wﬁs attributed to a pre-existing
as-fabricated tube condition. Tube surface defects have been found during
recelving inspection of raw material. These pits have not been considered detri-
mental to test sectlon performance because of their minimal depth. The post-test

evaluation of this test section confirmed this evaluation.

The tantalum—lO% W wire of Test Section No. 5, contained some indications
of attack. It is presently postulated that these are not the result of mercury
corrosion. The test section operated for varying periods with alir leaks in the
system. The leaks occurred at the mercury outlet end of the test section, which
was the location of the tantalum-10% W wire attack. Thus, a potential cause of
cracking is air contamination. Second, the cracks may have been present in the
as-fabricated section, produced by the helical coiling of the wire inside the
tube or some other presently unknown operation in the test section fabrication
procedure. Finally, laboratory experiments indicate that the ductility of the
tantalum-10% W wire is greatly reduced as a result of hydrogen absorption during
the chemical cleaning procedure. This hydrogen imbrittlement in combination with
operating stresses could have resulted in surface cracks giving the appearance

of Hg corrosion.
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Figure 18. Hg Exposed Ta Tube Surface Pit in Test Section No. 5
After 2893 Hours Operation
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The typical mercury corrosion reaction product of mass transfer which
occurred in Test Section Wo. 5 was confirmed by the metallurgical evaluation
of the surface films found on the tantalum tube I.D. The first four test
sections were very short and did not contain a simulated tantalum lined

mercury vapor superheater section. Therefore mass transfer deposits would

not be anticipated.

The preoperational (as—reoeived) metallic film on the tantalum tube
I.D. surface of Test Section No. 5, showh'in Figure 17, contained the elements
ALl and Mg which were highly soluble in mercury even at 75§F. They were exposed
to liquid mercury within the temperature range 5000 to llOOOF and there is
no question of their removal from the wall into the mercury stream, The
elements were moved through the system by mass transfer. Most material
would have been transported out of the boiler in the liquid state entrained
lin’the mercury vaper, however, some would remain in the mercury vapor super-
heater region either as part of a complex metallic compound or as residue
deposited during the final shutdown. The presence of Al in small quantities
was found throughout the test section in varying amounts of up to 0.1%. Mg
could not be detected.

The Ni found on the tantalum tube wall in the superheater section
of Test Section No. 5 was alsc postulated as a product of mercury mass transfer.
The liquid leg piping of the mercury loop was fabricated from 316 stainless steel
which contains a nominal 12% Ni in its composition. The recognized solubility
of Ni in mercury is approximately 15 PPM at 5OOOF, the minimum liquid mercury
temperature. Therefore, solution of this element into the mercury askit
flows from the condenser to the boiler through the 316 stainless steel
piping, could be anticipated., This Ni could come out of solution as the
mercury vapor formed and deposit in this area of the test section.
Apparently the subsequent reaction was Ni diffusion into the tantalum and
formation of a nickel-tantalum compound., The compound should exhibit a
hard brittle structure, typical of intermetallic compounds. However, this
property could not be ascertained because of the thinness of the formed
layer. In any event, there was no indication that this intermetallic

layer was detrimental to continued test section operational integrity.
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IX. OIHER MATERTALS EFFECTS-TEST SECTION NO, 5

A, STATIC NaK ENVELOPE

Test ‘Section No. 5 was the ‘sole representative of Basic Boiler
Design Concept No. 2 (see Figure 3) which contained NaK in contact with the
tantalum tube 0.D. This non-flowing NaK inventory acted as a heat transfer
medium between the tantalum tube and the 321 stainless steel tube. The
latter tube protected the tantalum against contact with the flowing NaK of
the primary loop thus avoiding a presumed detrimental interstitial element
transfer from the Nak and/or other metals in the primary loop. Previous
static NaK capsule laboratory tests by other investigations have shown acceptable

minimum interaction between refractories and austenitic stainless steels.

1. Tube Surface. Evaluation

The tantalum 0.D,, and 321 stainless steel I.D., surfaces
contained a visually apparent coating. The coating was studied by
* various analytical procedures to determine elemental content and crystal-

lographic structure,

The major elements found on the tantalum tube 0.D., surface
were Ca, Ti, Fe and Mg, each between 1.1 and 2.2%. The elements present in
trace amounts of less than 1% were Al, Nb, Ni, Zn and Cr, Electron 4if-
fraction analysis of the coating structure indicated the presence of only
tantalum oxide, Ta2 O5 (B form). However, studies by a second laboratory
using X-ray diffraction techniques lead to the postulated theory that the
coating on the tantalum 0.D. was a residue left by diatomaceous ea;th or
thermally decomposed asbestos. The presence of some foreign material bf
this nature was confirmed by detection of fibers in an electron micrograph
of the residue. The implication of this latter theory was that during
assembly of the test section a material similar to the thefmal insulation
wrapped around the section inadvertently entered the static NaK cavity.
Subsequent 1300°F operation could have caused a reaction between the

material and the tantalum with the WakK acting as the couplant.
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It was suspected that the latter study was probably more

valid, since the discovery in the initial study of Ta surface residue on

205
the tantalum tube 0.D. surface was not consistent with previous capsule tests.
When tantalum was exposed to stagnant NaK, the NaK deoxidized the tantalum
regardless of the relative oxygen content of the tantalum and NaK, thus

negating the possibility of formation of a surface tantalum oxide.

The 321 stainless steel oval tube I.D. surface contained a
deposit identified by X-ray fluorescence and electron microprobe analysis as
tantalum. Minor elements present were Fe, Cr, Ni, the constituent elements
of 321 stainless steel. The X-ray diffraction analysis of 321 stainless
steel tube I.D. surface residue indicated the presence of tantalum carbide.
Tantalum carbide was not found on the 0.D. surface of the tantalum tube,
therefore, it was postulated that tantalum was transferred to the 321 stain-
less steel tube I.D. by galling of the two tubes during test section assembly.
The tantalum is a strong carbide forming element and it was presumed that the

carbide formed by interdiffusion with the free carbon in the 321 stainless steel.

Metallographic evaluation of the tube surfaces indicating
areas of metal removal confirmed this theory of mechanical transference of
tantalum. A typical location was as shown in Figure 19 where both the
tantalum tube 0.D. aﬁd corresponding location on the 321 stainless steel I.D.
were affected. The cold worked distorted grains associated with the defect
on the tantalum tube surface were presumed to have resulted by galling
between the tube surfaces during test section assembly. Typical indications
of 321 stainless steel tube galling were also visually observed without the

benefit of magnification.

A final indication of galling between tubes was the
bellows movement measurements taken during test section operation (see

Section C, below).
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Figure 19. (@alled Opposing Ta and 321 Stainless Steel Surfaces
in Test Section No. 5
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2. 321 Stainless Steel Oval Tube Evaluation

Carbide precipitation and sigma phase formation occured
in the 321 stainless steel tube during test section operation. A decarbu-
rized zone was developed at the outside, flowing Nak-exposed, surface. The
sigma and carbides were extracted electrolytically and an X-ray diffraction
analysis was conducted. The sigma phase chemistry was 50-50 atomic percent
Fe-Cr, a typical sigma composition. The carbides found were TaC, TiC,
Cr2306. The chemical analysis of the 321 stainless steel tube matched the
typical 321 stainless steel chemistry, Tantalum was not found in the as-
received 321 stainless steel tubes (see below) which indicated that the
tantalum carbides were probably the product of tantalum tube galling and

carbon transport as discussed above.

Chemical Analysis of 321 Stainless Steel Oval Tube of Test Section No. 5

Sample Distance
from Mercury

Inlet (inches) C Ni Mn ~Cu Cr si Ti Ta
100 072 10.32  1.75 0.48 17.44 .50 487 0 (1)
Typical Litera- .08 max 9.00 2.00 max NS(Q) 17.00 1.00 max 5xC Min N.S.
ture Analysis ' 12.00 19.00
As-received o ' N.D(B)
.Ohy

(1) Tantalum was not detected in the base material. The residue found on
the 321 stainless steel I.D. surface contained 61% tantalum originated
in the galling between the tantalum and 321 stainless steel tube during
Test Section assembly.

(2) N.8. - Not Specified

(3) N.D. - Not Detected
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A moderate hardness increase apparently occurred during

testing as shown below:

HARDNESS (ROCKWELL B) OF 321 SS OVAL TUBE IN TEST SECTION NO. 5

Hardness ILocation

Sample Distance from

Mercury Inlet (inches) I.D. Center 0.D.
Typical literature value 79 79 79
for annealed material

As-received : 83 81 83
158 92 88 88
370 87 86 ‘ 88

Tensile tests indicated the ultimate strength of the 321 stainless steel tube
material was higher and ductility lower than typical literature values

(see below).

750 TENSIIE TESTS(l) ON UNWEIDED 321 88 OVAL TUBE SPECIMENS
REMOVED FROM TEST SECTION NO. 5

Sample Distance from Yield (2) Ultimate Elongation
Mercury Inlet (inches) Strength Strength (1% in 1 in)
(ksi) (ksi)
53 ‘ 50.8 93.3 25.8
141 h7.5 91.7 21.0
282 6.6 91.5 18.4
298 Le .y 79.8 12.k4
357 L6 L 93.3 h7.2
Average of above 5 values 47.5 89.9 25.0
Typical
/Literature data for 35 87 55

Annealed Material

(1) Strain rate was .005 in./minute to yield and .05 in./min. thereafter
to failure.

(2) Yield strength determined by drop-beam method.
The data indicated that the 2858 hrs. operating exposure at 1300°F of

the 321 stainless steel oval tube had produced microstructural and mechanical
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property changes which were typical and anticipated for this material. The

precipitation of carbides and formation of sigma phase normally occur in austenitic

stainless steels at this temperature. A consequential effect on mechanical
properties, notably ductility reduction, results from these microstructural
changes. There was no indication, however, that the decrease in ductility would
continue, with further exposure to 40,000 hours, at a rate which represents a
life limiting condition in a full size SNAP-8 boiler. Since present data was
limited to 2858 hours of testing, additional tests should be conducted for

reliable data extrapolation to predict operation to 10,000 hours or more.
B. TANTALUM/316 STAINLESS STEEL TRANSITION JOINT

The braze area (J-4800 cobalt base alloy, General Electric Co.) of
both inlet and outlet transition Jjoints were found defective after the teét.
However, comparison with an unexposed, as-fabricated, Jjolnt specimen, indicated
that the deficiency probably existed prior to the test, based on the presence of
similar defects. A separation existed at the braze-tantalum interface on the
I.D. side of the tantalum groove (see Figure 20) and braze alloy removal was
noted at the mercury exposed faceé of the Jjoint. A question remains relative to
the separation. It may not have resulted from test section operation. At vari-
ous times during laboratory testing the brittleness of the braze alloy (even in
the as-brazed condition) has resulted in braze layer cracking during specimen
prepération. One consequence of exposure during testing, based on comparison
of microhardness measurements, indicated that the 2858 hours operation had
caused significant hardening and consequential reduced ductility of the braze

at the braze/tantalum interface (see Figure 21).

The evaluation results indicate that the braze transition joint
requires extensive additional testing before it would be recommended for use in a
full size boiler requiring 40,000 hr. life and 100 restart cycles. The low
braze ductility in the as-fabricated condition plus the apparently lowered
ductility of the bragze area during elevated temperature, lBOOOF exposure makes
the Jjoint susceptible to failure as a result of any operating transient which

mechanically shocks the structure.
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C. MERCURY INLET END BELLOWS

The thermal expansion compensator bellows was unaffected by
operational exposure. The bellows was incorporated to compensate for the
longitudinal differential expansion between the 316 stainless steel outer
jacket/321 stainless steel oval tube unit structure and the tantalum
mercury containment tube. It appeared adequate for the application based

on this test.
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X, FUTURE TEST PLANS

Several additional tests are planned or are in progress to further evaluate
the mercury containment tube concepts of Test Sections No. 4 and 5. First, a
full size single tube test in the Seventh Scale Loop facility is in process to
further evaluate the explosive bonded tube concept of Test Section No. 4. Since
the explosive bonding technique 1s presently insufficiently developed to produce
the tube lengths required for SNAP-8 boiler use, this test section also includes
a bimetal tube butt Joint developed to connect shorter tube lengths. Second, a
duplicate test of Test Section No. 5 is planned. Finally, three full sige
SNAP-8 boilers have been fabricated based on the design pfinciple of Test Section
No. 5. These boilers are currently operating successfully in various SNAP-8
test facilities. Complete destruction evaluation of all these boilers is planned

after completion of the required tests.
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XI. CONCLUSIONS

A test program was conducted at Aerojet-San Ramon Nuclear Operations to
evaluate the use of a tantalum tube for mercury (Hg) containment in the SNAP-8
boiler. Five tests on subscale SNAP-8 simulated boiler tube configurations were
conducted. Various candidate basic boiler tube design concepts, and the effects
of potential mercury loop contaminants on tantalum were evaluated. A summary of

the conclusiong derived from the test program is presented below:

Tantalum appears to be sufficiently resistant to mercury corrosion
and erosion under SNAP-8 boiler operating conditions to provide at least 40,000

hours of service.

A swaged, unbonded, bimetal tube of tantalum inside 316 stainless
steel is not acceptable as a mercury containment tube for the SNAP-8 boiler
because of mercury attack of the 316 stainless steel clad and poor heat transfer
characteristics. Mercury attack results from bypass mercury flow between the

tubes and poor heat transfer results when this bypass mercury flow is prevented.

A bimetal tube consisting of a tantalum liner bonded by either
explosive bonding or by hot coextrusion to the I.D. surface of a 316 stainless

steel tube appears to be acceptable as a mercury containment tube for the SNAP-8

boiler.

A bimetal tube bonded by hot coextrusion is preferred to one bonded
by the explosive bonding method because the latter contains pre-existing unbonded
areas, and a life-limiting phenomena of debonding may occur during boller

operation.

Ultrasonic inspection is an adequate tool for locating unbonded
areas in bonded bimetal tubes fabricated by hot coextrusion or explosive bonding.
Post-test evaluation using ultrasonic inspection data relating to unbonded areas
in bimetal tubes could be unreliable if tantalum contamination occurred during

operation which produced extensive tantalum tube cracking.
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A mercury contalnment tube assembly consisting of two non-concentric
tubes of tantalum inside 321 stainless steel, with a stagnant NaK inventory
filling an annular space between the tubes is acceptable for use in a SNAP-8

boiler requiring at least 40,000 hour operating life.

The fabrication technique for the non-concentric tantalum - 321
stainless steel multi-tube test section was not adequate to prevent galling of

the tubes which produced localized tube wall thinning.

The manufacturer of the tantalum tubing used processing techniques
which produced tube surface defects. Although no failure resulted, more stringent

control of tube quality appears necessary.

A brazed tantalum to 316 stainless steel transition joint (using
J-4B00 cobalt based braze alloy, produced by General Electric Co.) appears to
be questionalbe for use in the SNAP-8 boiler. Brazed joints contain an
inherently brittle as-fabricated braze layer which increases in hardness as a
result of lBOOOF exposure. The effect of stress induced by the gdifference in
thermal expansion characteristics of tantalum and stainless steel must be more

thoroughly evaluated.

Degradation of heatl transfer performance is caused by some unknown
critical quantity of mix-UP3E organic fluid or air in the mercury system which

forms a thermal barrier on the mercury exposed surface of the tantalum tube.

Chemical cleaning effectively removes thermal barrier surface films
from a tantalum Hg containment tube previously exposed to Mix-4P3E or air and
restores full heat transfer capability of the system. However, the cleaning
process causes hydrogen embrittlement of the tantalum-10% W turbulator wire

causing a severe reduction in ductility.
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