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POSTIRRADIATION EXAMINATION OF MATERIALS FROM THE MSRE
H.E.McCoy B.McNabb

ABSTRACT

The Molten-Salt Reactor Experiment operated very successfully. The fuel loop was above 500°C
for 30,807 hr and contained fuel salt for 21,040 hr. A surveillance program was active during
operation to follow the property changes of the graphite moderator and the INOR-8 structural
material. After operation was discontinued in December 1969, several components were removed for
examination. These included a graphite moderator element from the core, a control rod thimble,
freeze valve 105, the sample cage and mist shield from the fuel salt pump bowl, a copper sampler
capsule, tubes and a portion of the shell of the primary heat exchanger, and tubes and two
thermocouple wells from the air-cooled radiator.

Examination of these materials showed excellent mutual chemical compatibility between the
salts, graphite, and INOR-8. The INOR-8 exposed to fuel salt formed shallow intergranular cracks
believed to be due to the ingress of the fission product tellurium. The INOR-8 was also embrittled by
exposure to thermal neutrons, and this was attributed to the formation of helium by the 10'B(n,oz)7Li
transmutation.

INTRODUCTION

The Molten-Salt Reactor Experiment was a unique fluid-fuel reactor.! It operated at temperatures
around 650°C for more than 30,000 hr between 1965 and December 1969. Qperation was terminated in
1969 because the technical feasibility and promise of molten salt systems had been demonstrated, and the
operating funds were needed for development work associated with advanced concepts of molten-salt
reactors.

Surveillance samples of graphite and INOR-8 were removed periodically during operation of the MSRE,
and these were examined in detail. After operation, parts of several components were examined. The details
of the examinations of the various sets of INOR-8 surveillance samples were reported,?”® and some of the
observations made on the various components were discussed in a topical report® dealing with intergranular
cracking of INOR-8. The present report consolidates the observations made on the surveillance samples and
the components. The components include a control-rod thimble from the core, a freeze valve that isolated
the reactor vessel and a fuel drain tank, the salt sampler cage and mist shield from the fuel salt pump bowl,
a portion of the shell and several tubes from the primary heat exchanger; two thermocouple wells from the
coolant circuit, and several tubes from the air radiator in the coolant circuit.

THE MSRE AND ITS OPERATION

The MSRE and an account of most of its history are described by Haubenreich and Engel,! and Robert-
son” has described in detail all components and systems. Because these references are widely available, the

1. P. N. Haubenreich and J. R. Engel, “Experience with the MSRE,” Nucl. Appl. Technol. 8,118 (1970).

2. H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — First
Group, ORNL-TM-1997 (November 1967).

3. H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — Second
Group, ORNL-TM-2359 (February 1969).

4, H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — Third
Group, ORNL-TM-2647 (January 1970).

5. H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — Fourth
Group, ORNL-TM-3063 (March 1971). :

6. H. E. McCoy and B. McNabb, Intergranular Cracking of INOR-8 in the MSRE, ORNL 4829 (November 1972).

7. T. C. Robertson, MSRE Design and Operations Report, Part I — Description of Reactor Design, ORNL-TM-728
(January 1965).



description here is restricted to that necessary for the reader to understand the function of each component
and the significance of the postoperation examination.

Description

The parts of the MSRE with which we will be concerned are included in the flowsheet in Fig. 1. The
MSRE consisted basically of the primary circuit including the reactor vessel, a fuel pump, and an
intermediate heat exchanger; a coolant circuit including the tube side of the intermediate heat exchanger, a
coolant pump, and an air radiator; and several auxiliary components associated with fuel and coolant salt
storage and fission gas processing. All metallic parts that contacted salt were made of a nickel-base alloy
known as INOR-8 and now available commercially under the trade names of Hastelloy N and Allvac N. This
alloy, developed at Oak Ridge National Laboratory® specifically for use in fluoride salts, has the nominal
composition Ni—16% Mo—-7% Cr—5% Fe—0.05% C. The graphite moderator was made of a special
low-porosity graphite, grade CGB, to exclude salt from the graphite poré structure.® The graphite was
produced in the form of bars 2.5 in. square by 72 in. long. These were machined to 2 in. square with a
channel on each face for fuel salt flow.

The fuel salt composition was LiF-BeF,-ZrF 4 -UF, (65-30-5-<1 mole %); the coolant was LiF—34 mole
% BeF,. At full power the 1200-gpm fuel stream normally entered the reactor vessel at 632°C and left at
654°C; the maximum outlet temperature at which the reactor operated for any substantial period of time
was 663°C (1225°F). When the reactor was at low power, the salt systems were usually nearly isothermal at
about 650°C. During extended shutdowns the salt was drained into tanks, where it was kept molten while
the circulating loops were allowed to cool. Plugs of salt frozen in flattened sections of pipe (“freeze
valves™) were used to isolate the drain tanks from the loop. The liquidus temperature of the fuel salt was
about 440°C and that of the coolant salt was 459°C, so the loops were heated to 600 to 650°C with
external electric heaters before the salt was transferred from the storage tanks. Helium (sometimes argon)
was the cover gas over the fuel and coolant salts.

During operation, samples of fuel salt were obtained by lowering small copper buckets (capsules) into
the pool of salt in the pump bowl. The pump bowl served as the surge space for the loop and also for
separation of gaseous fission products from a 50-gpm stream of salt sprayed out into the gas space above
the salt pool. To protect the sample bucket from the salt spray in the pump bowl, a spiral baffle of INOR-8
extended from the top of the bowl down into the salt pool. A cage of INOR-8 rods inside the spiral baffle
guided the sample capsule in the pump bowl.

The fuel system was contained in a cell in which an atmosphere of nitrogen containing from 2 to 5%
oxygen was maintained. This containment atmosphere was recirculated through a system that provided
cooling for the control rods and the freeze valves. Most of the coolant piping was exposed to air.

History

The history of the MSRE during the four years in which it operated at significant power is outlined in
Fig. 2. Construction was finished and salt was charged into the tanks late in 1964. Prenuclear testing,
including 1100 hr of salt circulation, occupied January through May 1965. During nuclear startup
experiments in May through July 1965, fuel salt was circulated for 800 hr. The salt was drained, and final

H. E. McCoy, “The INOR-8 Story,” ORNL Review 3(2), 35 (1969).

8. .
9. H. E. McCoy and J. R. Weir, Materials Development for Molten-Sait Breeder Reactors, ORNL-TM-1854, p. 46 (June
1967).
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Fig. 3. Corrosion of the MSRE fuel circuit in 22%U and 223U power operations, as measured by chromium
concentration in the fuel salt.

preparations for power operations were made in the fall of 1965. Low-power experiments in December led
into the history covered in Fig. 2 (see Haubenreich and Engel'® and MSR Program semiannual progress
reports for more detail).

The nuclear fuel was 33%-enriched 235U, and the UF, concentration in the fuel salt was 0.8 mole %
until 1968. Then the uranium was removed by fluorination and 233UF, was substituted. The UF,
concentration required with 233U was only 0.13 mole %. The composition of the fuel salt was observed by
frequent sampling from the pump bowl.'' Aside from the 233U loading and periodic additions of small
increments of uranium or plutonium to sustain the nuclear reactivity, the only other additions to the fuel
salt were more or less routine small (~10-g) quantities of beryllium and, in two or three experiments, a few
grams of zirconium and FeF,. The purpose of these additions was to adjust the U(II)/U(1V) ratio, which
affects the corrosion potential and the oxidation state of corrosion-product iron and nickel and fission
product niobium.

The primary corrosion mechanism in the fuel salt system was selective removal of chromium by

2UF, + Cr(in alloy) == 2UF; # CrF,(in salt) ,

and the concentration of chromium in salt samples was the primary indicator of corrosion. Figure 3 shows
chromium concentrations observed in the MSRE fuel over the years of power operation. The step-down in
chromium concentration in the salt in 1968 was effected by processing the salt after the 235U fluorination.
The total increase in chromium in the 4700-kg charge of fuel salt is equivalent to leaching all of the
chromium from the 852 ft* of INOR-8 exposed to fuel salt to a depth of about 0.4 mil.

Since the coolant salt did not contain uranium, the corrosion rate was extremely low. During operation,
the chromium content of the coolant salt remained at 32 ppm, within the accuracy of the analysis.

10. P. N. Haubenreich and J. R. Engel, “Experience with the MSRE,” Nucl. Appl. Technol. 8,118 (1970).
11. R. E. Thoma, Chemical Aspects of MSRE Operation, ORNL-4658 (December 1971).



EXAMINATION OF A GRAPHITE MODERATOR ELEMENT

Description of Graphite Elements

The properties of the grade CGB graphite used to fabricate the moderator elements are given by McCoy
and Weir.! 2 It is basically a petroleum needle coke that was bonded with coal-tar pitch, extruded to rough
shape, and heated to 2800°C. High density and low permeability were achieved through multiple
impregnations and heat treatments. The product was well graphitized and highly anisotropic.

The graphite was produced as bars 2.5 in. square by 72 in. long. These bars were machined to several
configurations, but most of them had the geometry shown in Fig. 4. These elements were assembled as
shown in Fig. 5 to form the core. The elements fit together to form channels for salt flow. Four moderator
blocks were left out to leave spaces for three control rod thimbles and a surveillance assembly. The five
elements “enclosed” by the four spaces had INOR-8 lifting lugs so that they could be easily removed for
examination. .

12. H. E. McCoy and J. R. Weir, Materials Development for Molten-Salt Breeder Reactors, ORNL-TM-1854, p. 46
(June 1967).

ORNL-LR-DWG 56874 R

PLAN VIEW

TYPICAL MODERATOR STRINGERS

SAMPLE PIECE

| NOTE: NOT TO SCALE |

Fig. 4. Typical graphite stringer arrangement.
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Table 2. Concentration of elements on surface of MSRE graphite stringer at reactor midplane

Concentration (wt %) at various maximum penetration depths (A)

Mass Flement ~2.5 ~25 800 900 2000 3000 4000
Fission Products Detected
87 Rb 0.0018
89 Y 0.0044
90 Sr 0.0067
Fission? Mo 3.6 24 0.59 0.09 0.26 0.30 0.24
93 Nb 0.003 0.002 0.001
99 Tc 0.57 0.39 0.09 0.02 0.05 0.05 0.04
101,102,106 Ru 1.4 0.95 0.19 0.04 0.11 0.09 0.09
103 Rh 0.34 0.22 0.055 0.01 0.03 0.02 0.02
110 Pd 0.11 0.053 0.01 0.02 0.015 0.01
109 Ag 0.0073 0.003
114 Cd . 0.0046 0.015 0.007
125 Sb 0.01 0.0057 0.005 0.004
130 Te 0.41 0.30 0.046 0.009 0.02 0.02 0.01
133 La 0.004 0.006 0.003 0.002
138 Ba 0.005
140 Ce 0.007 . 0.01 0.006 0.005
141 Pr 0.003 0.003 0.003
144 Nd 0.01 0.01 0.006
147 Pm 0.0008
Nonfission Elements Detected

Mo 0.87 0.58 0.20 0.03 0.02 0.11 0.07

Ni 0.9

Fe 0.3

Cr 0.05

Mn 0.005

9Mass numbers of molybdenum fission products.

Samples 5, 7, and 10 were taken from the flow channel: sample 5, 3 in. from the top; sample 7, in the
center; and sample 10, 3 in. from the lower end of the element. Samples M6 and 13 were taken from the
edge of the graphite moderator element (outside the main flow channel), with sample 13 about 3 in. from
the bottom of the element and sample M6 about halfway along the element.

All the samples examined had substantial amounts of Mo, Tc, S, and Rh. Iron, nickel, and chromium
were present on most of the samples, with the two samples from the bottom of the moderator element
(samples 10 and 13) having the largest concentrations. Tellurium is probably present on all the samples and
is discussed briefly below. Peaks that may be associated with antimony were detectable on samples 10 and
13, although the peaks are not listed in Table 3. An unresolved pair of peaks tentatively identified as due to
palladium were detected at 330 eV on nearly all of the samples. Tellurium, chromium, and ruthenium
concentrations are difficult to determine because of interference from strong lines of oxygen, carbon, and
molybdenum. The largest amounts of tellurium and chromium are probably similar in quantity to the
largest amounts of iron. We believe that ruthenium is probably present, but the lines are not nearly as

strong as those for molybdenum. Low-energy Auger peaks like that at 20 eV for tellurium are frequently -

very strong; thus the large amplitudes listed in Table 3 need not be associated with high surface
concentrations of tellurium. Pure tellurium would have several strong peaks between 400 and 500 eV, but
our data do not disclose strong lines on any of the recorded spectra at these energies.



Table 3. Comparison of relative Auger peak heights obtained from surfaces of graphite samples removed from the MSRE core?

Estimated

denth Relative peak heights for various energies and indicated elements
ept
Sample (atom 20 eV, 150 eV, 182 eV, 197eV, 302 eV, 330 eV, 383 eV, 510 eV, 650 eV, 850 eV,
layers) Te Tc,Mo,§  Te, Mo Nb Rh Pd N 0 Fe Ni
0 na 29 9 2 na na na na na na
6 (surveillance specimen) 10 na 5 23 4 na na na na na na
25 na 4 16 3 na na na na na na
0 na na na na na na na na na na
7 (flow channel, center) 15 - na 19 40 nd 9 na 12 25 na na
30 na 26 50 nd 11 na 17 26 na na
0 na 13 S w 4 w o2 14 nd w
5 (flow channel, top) 15 1,600 35 16 w 5 1 13 37 2 1
0 na na na na na na na na na na
10 (flow channel, bottom) 16 4,000 63 13 w 2 w 13 96 3 2
0 na 15 - 21 w 1 w 8 24 nd nd
M6 (edge, center) 15 nd 24 15 w 2.5 w 5 19 nd nd
0 4,300 13 14 2 6 2 15 64 5 1
13 (edge, bottom) 15 16,000 131 24 5 8 w 17 97 10 11

2w = weak, nd = not detected, na = not analyzed.

€1
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Summary of Observations

One graphite moderator element that had been in the MSRE during its entire operation was removed
and was examined in the hot cells. The element was in excellent mechanical condition, and no dimensional
changes were detectable. One small crack, which appeared to have been present in the element before
installation, was noted in one of the fuel channels, and a small crack was formed adjacent to an INOR-8
lifting stud by differential expansion during thermal cycling.

Some samples were taken from the moderator element and from one surveillance assembly for chemical
analysis. Techniques involving the spark source mass spectrograph and Auger spectroscopy were utilized.
These techniques were not sufficiently developed and the number of samples was too few to warrant
sweeping conclusions. However, most of the fission products and the elements in INOR-8 were noted near
the graphite surface; penetration into the graphite was very limited.

EXAMINATION OF THE GRAPHITE AND INOR-8 SURVEILLANCE SPECIMENS

Two surveillance facilities were available in the MSRE. One was in the core in the lower-left open
position shown in Fig. 5 and contained INOR-8 and graphite specimens that were exposed to the fuel salt.
(The other three positions contained control rods.) Another surveillance facility was outside the core,
where INOR-8 was exposed to the cell environment of 2 to 5% O, in nitrogen. Samples were removed
periodically from both facilities. They were examined visually, and the INOR-8 samples were subjected to
mechanical property tests and metallographic examination. .

The details of the visual examinations were reported previously.! ™' ® The first assembly removed from
the core suffered some damage because relative movement of the graphite and INOR-8 parts was
restricted.'® Minor design modifications eliminated this problem. The graphite in each surveillance
assembly was in excellent condition; machining marks were clearly visible, and we found no evidence of
chemical reaction with the fuel salt. The peak fluence received by the graphite was about 1 X 102!
neutrons/cm? (>50 keV), and the resulting dimensional changes should have been less than 0.1%.2° These
dimensional changes should not have resulted in significant changes in the mechanical properties of the
graphite, so no tests were run on the samples. Numerous samples were used to study fission product
deposition and penetration into the graphite, and the results of these studies have been summarized
elsewhere.?!

INOR-8 specimens were removed from the surveillance facilities inside and outside the reactor vessel.
These specimens were examined visually and metallographicalty and were subjected to various mechanical
property tests. The details of these examinations are presented in other reports?272% and will only be
summarized here,

16. W. H. Cook, MSR Program Semiannu. Progr. Rep. Aug. 31, 1966, ORNL-4037, pp. 97—-102.

17. W. H. Cook, MSR Program Semiannu. Progr. Rep. Aug. 31, 1967, ORNL-4191, pp. 196—-200.

18. W. H. Cook, MSR Program Semiannu. Progr. Rep. Aug. 31, 1968, ORNL-4344, pp. 211-15.

19. W. H. Cook, MSR Program Semiannu. Progr. Rep. Aug. 31, 1969, ORNL-4449, pp. 165—68.

20. C. R. Kennedy, MSR Program Semiannu. Progr. Rep. Aug. 31, 1968, ORNL-4344, pp. 233-35.

21. M. W. Rosenthal et al., The Development Status of Molten-Salt Breeder Reactors, ORNL-4812, pp. 11635
(1972).

22. H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — First
Group, ORNL-TM-1997 (November 1967).

23. H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — Second
Group, ORNL-TM-2359 (February 1969).

24. H. E. McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — Third
Group, ORNL-TM-2647 (January 1970).

25. H. E, McCoy, An Evaluation of the Molten-Salt Reactor Experiment Hastelloy N Surveillance Specimens — Fourth
Group, ORNL-TM-3063 (March 1971).
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Specimens outside the reactor vessel were above 500°C up to 17,483 hr and received a peak thermal
fluence of 2.6 X 10'® neutrons/cm?. They were oxidized, and metallographic examination revealed that
the oxide penetrated about 5 mils. The specimens from the core were exposed to fuel salt and were only
slightly discolored. They were above S00°C for periods up to 19,136 hr and received thermal fluences up to
1.5 X 10®! neutrons/cm?. Metallographic examination revealed only minor changes in microstructure. A
shallow layer of modified structure less than 1 mil thick was noted. This layer etched more rapidly and
contained some lamellar product. The amount of this modified layer did not vary systematically with time
or temperature of exposure. Experiments produced evidence that the effect was likely due to cold work
from machining, causing carbide to precipitate more rapidly near the surface during high-temperature
service. This structural change is not of significant importance.

The postirradiation mechanical property tests on the INOR-8 samples showed that the high-temperature
fracture strain of the alloy was decreased by irradiation. This is attributed to the helium produced by the
'9B(n,a)"Li transmutation. However, considerable progress has since been made in developing an alloy
with modified chemical composition that has improved resistance to helium-induced embrittlement.2®

Metallographic examination of the deformed surveillance samples revealed shallow intergranular
cracking, particularly in samples deformed at 25°C. This type of cracking indicates intergranular
embrittlement, and considerable evidence shows that the embrittlement is due to the inward diffusion of
the fission product tellurium.?” Although the cracks were only a few mils deep in samples from the MSRE,
there is considerable concern over how cracks would propagate by this process in a power reactor over a
30-year operating period.

EXAMINATION OF INOR-8 CONTROL ROD THIMBLE

Physical Description

,;_The MSRE used three control rods fabricated of Gd,0; and Al,0O; canned in Inconel 600.2% The
control rods operated inside thimbles made of 2-in.-OD X 0.065-in.-wall INOR-8 tubing. The assembly
before insertion in the MSRE is shown in Fig. 10. Thimble 3 was examined in some detail.

The detailed shop drawings for the thimble are shown in Fig. 11. The thimble tubing was made from
INOR-8 heat Y-8487, and spacers were machined from INOR-8 heat 5060 (see Table 4 for compositions).
The spacers were joined to the thimble by beads of weld metal that were deposited on the tubing through
clearance holes in the sleeves.

The exterior of the thimble was exposed to fuel salt and the interior to the cell environment of N, +
O,. The tubing was above 500°C for 30,807 hr and received a peak thermal fluence of 1.9 X 102!
neutrons/cm? . The lower portion of the control rod thimble was severed by electric arc cutting and moved
to the hot cells for examination. Figure 12 shows the electric arc cut at the left (about at the midplane of
the coré), the spacer sleeves, and the end closure (located at the bottom of the core). The fuel salt appears
to have wet the INOR-8 near the center of the core, where the temperature and flux were highest (as shown
around the left and center spacer sleeves), but not at the bottom (as shown on the right sleeve). Some of

26. M. W. Rosenthal, P. N. Haubenreich, H. E. McCoy, and L. E. McNeese, “Recent Progress in Molten-Salt Reactor
Development,” At. Energy Rev. 9(3), 60150 (September 1971).

27. H. E. McCoy and B. McNabb, Intergranular Cracking of INOR-8 in the MSRE, ORNL-4829 (November 1972).

28. G. M. Tolson and A. Taboada, MSRE Control Elements: Manufacture, Inspection, Drawings, and Specifications,
ORNL-4123 (July 1967).
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Fig. 11. Control rod bottom thimble assembly and details, drawing BB-B-56346E.
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A second cut was made away from the sleeve, and typical photomicrographs are shown in Fig. 17. This
part of the thimble was exposed to flowing salt. Some of the grain boundaries are visible in the as-polished
condition to a depth of about 4 mils, and there is some surface modification [Fig. 17(a)]. Etching [Fig.
17(b)] delineates more of the grain structure and shows the shallow surface modification.

Microprobe scans were run on the thimble samples that were taken from under the sleeve and outside
the sleeve. In the first case the thimble wall was exposed to almost static fuel salt, and no gradients in iron
and chromium concentration could be detected within the 3-um region of uncertainty near the surface. The
sample outside the sleeve, which was exposed to flowing fuel salt, was depleted in chromium to a depth of
almost 20 um and in iron to a depth of 10 um (Fig. 18). Thus the amount of corrosion that occurred varied
considerably in the two regions. Measurements were not actually made, but we would expect similar results
for the spacer sleeve. The inside surface was exposed to almost static salt and was likely not corroded
detectably. The outside surface was exposed to flowing salt and probably was depleted in iron and

chromium.

Deformed Samples

The next step was to deform some of the thimble and the sleeve to determine whether surface cracks
were formed similar to those noted in the surveillance samples. Since the product was tubular, we used a
relatively quick and cheap ring test. The fixture shown in Fig. 19 was made by (1) cutting % in. through a
l-in.-thick carbon steel plate with a 2-in.-diam hole saw, (2) cutting out the partially cut region with ample
clearance around the hole, (3) cutting the plate in two along the diameter and removing % in. of material
on each side of the cut, and (4) tapping a ¥%-in.-diam thread into the two pieces. Then rings %, in. wide
were cut from the thimble and the sleeve. They fit into the groove and were pulled to failure, with the
resultant geometry shown in Fig. 19. The initial loading curves include strain associated with the ring
conforming to the geometry of the grip, so we cannot tell precisely how much the sample is deforming.
Thus the yield strength and the elongation are only relative numbers, but the ultimate tensile strength and
reduction in area obtained from these tests are true values. Obviously, this type of test is deficient in giving
good mechanical property data, but is sufficient for deforming the material and observing the incidence of
surface cracking.

The tensile properties of the rings are shown in Table 5. The test results show the following important
facts:

" 1. All the unannealed specimens of heat Y-8487 tested at 25°C have a “yield stress” of 52,000 to
61,000 psi, with these values appearing to be random in the variables examined.

2. At 25°C the crosshead displacement was about 1.2 in. for the unirradiated tubing and 0.4 to 0.5 in.
for the irradiated tubing. Again the variations from 0.4 to 0.5 in. appeared random.

3. The yield stresses at §50°C were about equivalent for irradiated and unirradiated tubing. However,
the crosshead displacement before fracture decreased from about 0.4 in. to 0.1 in. after irradiation. This
was due to embrittlement from helium formed from the ! °B(#,«)" Li transmutation.

4. No material of heat 5060 (sleeve material) is available for unirradiated tests, but the vendor’s
certification sheet showed a yield stress of 46,300 psi, an ultimate tensile stress of 117,000 psi, and a
fracture strain of 52%. The values that we obtained show higher strengths and lower ductility.

Several of the specimens that had been strained were examined metallographically to determine the
extent of cracking during straining. Photomicrographs of the control rod thimble, which was exposed to
flowing salt, are shown in Fig. 20. The inside surface was oxidized, and the oxide cracked as the specimen
was strained. The oxide should be brittle, but it is important that these cracks did not penetrate the metal.
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“fFig. 18. Electron microprobe scan of INOR-8 sample from control rod thimble. Thimble had been exposed to fuel salt
for 21,040 hr and had been above 500°C for 30,807 hr.

Table 5. Tensile data on rings from control rod thimble 3 (heat Y-8487)

. S Test Crosshead Yield Ultimate  Crosshead- Reduction
. " Postirradiation a 7
Specimen Condition anneal tempgrature speed . stress stress travel in area
(0 (in./min) (psi) (psi) (in.) (%)
1 Unirradiated 25 0.05 52,000 114,400 1.20 44.5
2 Unirradiated 25 0.05 56,900 117,500 1.17 46.0
3 Unirradiated 25 0.05 58,000 124,300 1.18 43.0
4 Unirradiated 650 0.05 39,100 76,700 0.37 28.7
5 Unirradiated 650 0.002 40,700 62,300 0.20 20.6
6 Irradiated None 25 0.05 54,400 105,100 0.54 23.2
7 Irradiated None 25 0.05 53,300 102,500 0.51 29.7
8 Irradiated None 25 0.05 60,500 110,800 0.42 28.5
9 Irradiated None 650 0.05 38,300 51,200 0.099 12.1
10 Irradiated None 650 0.002 34,200 38,200 0.061 9.7
11 {rradiated 8 hrat 871°C 25 0.05 49,300 100,500 0.36 34.9
12 Irradiated 141 hr at 871°C 25 0.05 48,700 104,900 0.39 34.4
13 Irradiated? None 25 0.05 51,700 98,600 0.45 32.9
14 Irradiated® None 25 0.05 42,400 123,000 0.20 18.0

2Based on 0.002 in. offset of crosshead travel.
bLocated under spacer sleeve.
¢Spacer sleeve, Heat 5060.
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exposed to rapidly flowing salt revealed 178 cracks per inch, with a maximum depth of 7.0 mils. The side
exposedto restricted salt flow had 202 cracks per inch, with a maximum depth of 5.0 mils. The average
depth was 3.0 mils on both sides. These observations also indicate that salt flow rate is not a significant
factor in intergranular cracking. A

Summary of Observations

The control rod thimble was in excellent physical condition, with only slight discoloration and
chromium depletion to a depth of 0.8 mil (20 um) observed. Mechanical property tests showed that the
thimble was embrittled slightly at 25°C and to a greater extent at 650°C. The reduction in ductility at 25°C
was likely due to carbide precipitation and that at 650°C to helium from the ! °B(n,a)7 Li transmutation.

The examination of the control rod thimble spacer revealed rather uniform cracking of all surfaces
exposed to fuel salt. This points out two important characteristics of the cracking. (1) Irradiation of the
metal was not solely responsible for the cracking. The flux attenuation across the wall of the thimble would
have been very slight, but cracks only formed in the metal on the fuel side (Fig. 20). Thus, irradiation alone
does not cause the cracking, but contact with the fuel salt is required. (2) The severity of cracking was not
sensitive to salt flow rate over the flow range experienced in a fuel channel and under a spacer with
restricted flow. '

EXAMINATION OF FREEZE VALVE 105

Physical Description

Freeze valve 105 failed during the final thermal cycle involved in terminating the MSRE. The valve was
used to isolate one of the fuel drain tanks and was frozen only when salt was in that drain tank. The line
was filled with salt from the drain tanks, so the fission product concentration would have .been relatively
low. The line was filled with salt at temperatures above 500°C for about 21,000 hr, and the salt was static
except when the reactor was being filled.

Detailed fabrication drawings for FV-105 are shown in Fig. 26. The MSRE used several freeze valves. In
each a section of tubing was aircooled to freeze a salt plug that prevented salt or gas flow through the pipe.
The tubing was usually flattened, and a thin houéing for the air coolant was welded around the flattened
section. The portion of the housing parallel to the tubing was kept thin so that it would accommodate the
differential expansion between the pipe and the housing when the valve was being thawed or frozen. Freeze
valve 105 involved a field modification to obtain more coolant. This modification, shown in detail in Fig.
27 and schematically in Fig. 28, resulted in the housing becohﬁng too rigid to expand freely. The inability
of the inside to move freely relative to the coolant housing led to a fatigue failure in the inside pipe. The
location of the valve is shown in Fig. 29.

Visual and Metallographic Examination

The salt was partially removed to reveal the crack shown in Figs. 30 through 32. The crack bégins at the
spot on the weld and proceeds about I in. parallel to the weld. o .

A metallographic sample was taken from the cracked area. An as-polished view is shown in Fig. 33 and
an etched view in Fig. 34. The weld was on the outside of the tubing and supported the %-in. end plate of
the cooling shroud. The crack began near the weld outside the cooling shréud and penetrated the tube wall.
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Fig. 28. Diagram showing possible cause of freeze-valve failure after modification.
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A comparison of the etched and unetched views shows that some attack occurred along the crack and the
outer surface of one tubing and that etching completely removed material from the attacked region. The
attack was likely due to the simultaneous exposure of the INOR-8 to salt and moist air, and probably
involved the selective removal of chromium and iron, leaving metal that was heavily attacked by the
etchant. No such attack occurred on the inside, where only salt was present.

The failure that released salt was due to thermal fatigue. The cooling shroud was initially 0.020 in.
thick, but the added cooling tubes increased the thickness to 0.083 in. on the bottom. This made the
shroud relatively rigid on the bottom. During freezing and thawing, the outer part of the shroud changed
temperature more rapidly than the wall of the salt-containing tube. Whereas the outer part of the shroud
was originally thin enough to deflect to accommodate the differences in length of the two members, the
field modifications made the bottom portion quite rigid. The result was that differences in temperature
imposed on the cooling shroud a stress that was transferred by the rigid (%-in.) end plate to the tube wall.
A crack was nucleated at the surface and propagated through the pipe wall during the numerous cycles.

Parts of three tubes are visible in Figs. 30 and 31. The large tube in relatively good condition is the type
304 stainless steel air inlet tube, the center tube is the original INOR-8 air outlet tube with two
thermocouples visible, and the hole is the remains of the type 304 stainless steel outlet tube. The original
INOR-8 air inlet line was capped off and is hidden by the salt. Attack of the type 304 stainless steel by salt
when air was present is as expected. The relative nobility of INOR-8 in this environment is a strong
argument for the use of INOR-8 where salt may be present.

Mechanical Property Tests

Three rings % ¢ in. wide were cut from the pipe away from the flattened section and were pulled in
tension in the same manner as previously described for the control rod thimble rings. One rectangular piece
was cut and bend-tested with the inside surface of the pipe in tension. Table 6 lists the observed mechanical
properties. The yield stress was essentially unchanged, and the ultimate stress was reduced about 15% from
the vendor’s certified properties. The elongation was reduced considerably but was still greater than 25%. A
gage section is difficult to define in a ring test, so crosshead travel and reduction in area are reported for the
rings from freeze valve 105 rather than percent elongation. The bend test was discontinued because of
strain limitations of the bend fixture after 0.41 in. crosshead travel, which corresponds to 33% strain in the
outer fibers of the specimen and to a 90° bend angle. The yield stress calculated from the forces on the
bend specimen is too high because elastic formulas were used in the calculation and the specimen deformed
plastically, but this calculated quantity is useful for comparison with other bend tests that will be reported
later for the mist shield.

Table 6. Results of mechanical property tests on specimens from freeze
valve 105 (heat 5094) at 25°C and a deformation rate of 0.05 in./min

Yield Ultimate Crosshead Reduction
Type of test stress tensile stress travel in area

(psi) (psi) (in.) (%)
Vendor’s, tensile 45,800 106,800 52.6
Ring, tensile 45,800 89,700 0.72 25
Ring, tensile 48,900 90,100 0.59 29
Ring, tensile 41,900 90,300 0.73 37
Wall segment, bend 71,300 0.41 334

®Maximum strain in outer fibers.
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Fig. 40. Section of MSRE fuel pump with details of several areas, The mist shield and the sampler cage examined are

shown in the lower left insert.
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Mist Shield

Figure 51 shows the mist shield after removal from the MSRE. The shield has been split to reveal the
inside surface. Four specimens approximately 1 in. (vertical) X % in. (circumferential) were cut from the
mist shield. Their locations were (1) outside the spiral and immersed in salt, (2) outside the spiral and
exposed to salt spray, (3) inside the spiral and immersed in salt, and (4) inside the spiral and exposed
primarily to gas. Bend tests were performed on these specimens at 25°C using a three-point bend fixture.3°
They were bent about a line parallel to the % -in. dimension so that the outer surface was in tension. The
information obtained from such a test is a load deflection curve. The equations normally used to convert
this to a stress-strain curve do not take into account the plastic deformation of the part, and the stresses
obtained by this method become progressively in error (too high) as the deformation progresses. ‘

Table 7 shows the results of bend tests on the specimens from the mist shield. Note that the yield and
ultimate stresses are about double those reported for uniaxial tension. The fracture strain is the parameter
of primary interest. Unexposed INOR-8 (heat N3-5106) did not fail after 40.5% strain in the outer fibers.
(No material was available of heat 5075, the material used in fabricating the mist shield.) Although all of
the samples strained more than 10% before failure, the two samples from the outside of the spiral were less
ductile than the other samples.

The bend samples of the mist shield were examined metallographically. Photomicrographs of the sample
from the inside vapor region are shown in Fig. 52, and a composite of several photomicrographs is shown in
Fig. 53. The edge cracks were intergranular and about 1 mil deep. The photomicrographs of the sample
from the liquid region (Fig. 54) show that the cracks extended to a depth of about 8 mils. The composite
photograph in Fig. 55 also shows the increased frequency and depth of cracking in the liquid region.

The sample from the outside liquid region was quite similar metallographically to that from the inside
liquid region. Photomicrographs of the fracture and a typical region of the tension side near the fracture are
shown in Figs. 56 and 57 respectively. A composite of several photomicrographs is shown in Fig. 58.

30. H. E. McCoy and J. R. Weir, The Effect of Irradiation on the Bend Transition Temperatures of Molybdenum- and
Niobium-Base Alloys, ORNL-TM:880, pp. 7—10 (July 1964).

Table 7. Bend tests at 25°C on parts of the MSRE mist shield?

Yield Maximum®
Specimen stress? tensile Strain Environment
(psi) stre_ss (%)
(psi)
x 10° x 10°
S-52 Mist shield top inside 97 269 46.99 Vapor region, shielded
S-62 Mist shield top outside 155 224 10.7¢ Vapor region, salt spray
S-60 Mist shield bottom inside 161 292 31.69 Liquid region, shielded,
) salt flow
S-68 Mist shield bottom outside 60 187 17.79 Liquid region, rapid
salt flow
N3-5106 Unirradiated control 128 238 40.5

test, 1/3 in. thick

2The mist shield was fabricated of heat 5075 with certified room-temperature properties of 53,000 psi yield stress,
116,000 psi ultimate stress, and 49% elongation.

bBased on 0.002 in. offset of crosshead travel.

Maximum tensile stress was controlled by fracture of sample or by strain limitation of test fixture.

dgpecimen broke.
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An electron-probe microanalysis of the material in the grain boundaries and x-ray scans for the
distribution of Ni, Fe, Cr, and Cu in the surface layer in the area around the large metallic particle on the
outer surface were made. Figure 66 shows the distribution of these elements, and it appears that the surface
layers were made up mostly of copper and nickel, with some areas containing high concentrations of
chromium and molybdenum. The inner and outer surfaces of the capsule appear similar. The
grain-boundary precipitate was only 28% Cu, and no other element could be detected. This observation
indicates that the remainder is a light element, perhaps beryllium or lithium, that could not be detected by
the instrument.

The surface deposits were ground away from two small pieces about % ¢ in. square by %, in. long. These
pieces were used as electrodes for the spark source mass spectrograph. We do not know the exact depth of
sparking, but we suspect that it was near the surface. The analysis of the copper is shown in Table 8. Several
important points can be made from this analysis. The spectrograph was not adjusted to detect lithium, but
the presence of U, Zr, Be, and F indicates that the fuel salt was present. Also, the isotopic concentrations of
uranium correspond to those of the first fuel charge rather than the later fuel charge in which the uranium
was predominantly >33 U. The weight percentages of various elements present in the initial fuel charge were
approximately 10.9% Zr, 6.3% Be, 67% F, 5.1% U, and 10.8% Li. These data indicate that relative to
uranium the material in the copper capsule was enriched in Zr and depleted in F and Be. There were also
significant quantities of Fe, Ni, Mo, and Cr, the main elements in INOR-8, as well as detectable quantities
of several other elements, many of which may have been present in the copper initially. -

The copper is very brittle, and the present analytical results do not shed much light on what element is
responsible for the embrittlement.

Summary of Observations

Although copper is generally accepted as being compatible with fuel salt, this capsule was severely
embrittled in its 13,000-hr exposure to MSRE fuel salt. Heavy deposits quite similar to those noted on the
sample cage and shield were present on the surfaces of the copper capsule. Some of the constituents of
these deposits may have caused the embrittlement, but we were unable to identify the responsible element.

EXAMINATION OF THE PRIMARY HEAT EXCHANGER
Physical Description

The MSRE heat exchanger was the tube-and-shell type, with the fuel salt on the shell side and the
coolant salt in the U-tubes. The shell was 16¥ in. OD X Y% in. wall X -about 8 ft long and was fabricated
from INOR-8 heat 5068. The heat exchanger tubing was '4 in. OD X 0.042 in. wall from INOR-8 heat
N2-5101 (see Table 4 for chemical compositions). The structural details of the heat exchanger 2 and the
special method of joining the tubes to the header, which involved welding and back brazing,®>3 have been
described. The completed tube bundle is shown in Fig. 67.

32. R. C. Robertson, MSRE Design and Operations Report, Part I, Description of Reactor Design, ORNL-TM-728
(January 1965).

33. R. G. Donnelly and G. M. Slaughter, “Fabrication of the Molten-Salt Reactor Experiment Heat Exchanger Core,”
Welding J. (N.Y.) 43(2), 118—24 (February 1964).
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Photomicrographs of a typical cross section of the heat exchanger tubing are shown in Fig. 72.
The overall view shows that both sides etch more rapidly than the center to a depth of about 7
mils. This is not unusual for a tubular product and is often attributed to impurities (primarily
lubricants) that are worked into the metal surface during repeated steps of deformation and
annealing. The higher magnification views in the as-polished condition show that grain boundary
attack (or cracking) occurred on the surface exposed to fuel salt (outer) but not on the coolant side
(inner). The temperatures under normal operating conditions were such that the fuel salt side would
have been in compression.

Similar photomicrographs of a longitudinal section of tubing are shown in Fig. 73. The features.
are quite similar to those discussed for Fig. 72. Both figures show some metallic deposits on the
outside surface, which was exposed to fuel salt. These deposits are extremely small and could not be
analyzed with much accuracy with the in-cell microprobe. However, they seemed to be predominately
iron. Scanning across the tubing detected no concentration gradients of the major alloying elements
in INOR-8.

Tensile tests were run on three of the tubes, and the results are compared with those for
as-received tubing in Table 9. The tubes were pulled in tension, and we assumed that the entire
section between the grips was deforming. The grips offer some end restraint, so our assumption is
obviously in error, and the errors are such that our yield stresses are high and our fracture strains are
low; however, the ultimate stresses and reductions in area are unaffected by this assumption. The
as-received and postoperation tests were run by the same technique, so the results should be
comparable. The largest changes during service were reductions in the yield stress, fracture strain, and
reduction in area. The tubing was bought in the “cold drawn and annealed” condition, but such
tubing normally is cold worked some during a final straightening operation. The reduction in yield
strength during service may have been due to annealing out the effects of this working. The
reductions in the ductility were likely due to the precipitation of carbides along the grain boundaries.

Photomicrographs of one of the tubes deformed at 25°C are shown in Fig. 74. Profuse
intergranular cracks were formed to a depth of about 5 mils on the side exposed to fuel salt, but
none were formed on the coolant salt side. Etching again revealed the abnormal etching charac-
teristics near the surface, but whatever caused this abnormality did not result in grain-boundary
embrittlement.

Unstressed and stressed sections of tubing were photographed over relatively large distances to get
more accurate statistics on crack numbers and depths. Composite photographs of the two samples are
shown in Fig. 75. The cracks are readily visible in the stressed sample but may not be apparent in

Table 9. Tensile data on heat exchanger tubes (heat N2-5101)

N Crosshead Temperature Yield Ultim.ate Fract}xre Redt.nction

Specimen Condition 'Speefl cO Stre‘ss Tensile ) Strain in
(in./min) (psi) Stress (psi) (%) Area (%)
7 From heat exchanger 0.0s 650 44,300 67,400 213 224
6 From heat exchanger 1.0 25 66,300 118,000 37.0 20.5
5 From heat exchanger 0.05 25 64,800 122,000 39.0 29.0
4 As received 0.05 650 53,900 74,600 40.0 14.5
2 As received 0.05 25 73,000 127,400 51.1 42.6
3 As received 0.05 25 70,900 126,200 50.1 40.0
1 Vendor certification 25 58,900 120,700 47.0
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the unstressed sample. A higher magnification print used in making the composite is shown in Fig.
76; the cracks can be more easily seen. The stressed sample had 262 cracks per inch with an average
depth of 5.0 mils. Two counts were made on the unstressed sample. In the first count only those
features that unequivocally were cracks were counted. This gave a crack count of 228 per inch with
an average depth of 2.5 mils. In another count, we included some features that were possibly cracks,
and this gave a crack frequency of 308 per inch. Thus the number of cracks present before straining
was about equivalent to that noted after straining. Straining did increase the visible depth. Some
indirect evidence that the cracks were present initially and only spread open further during the
tensile test was obtained from examination of the sample in Fig. 75. The sample length shown
deformed 39% (Table 9), and the combined widths of the cracks account for 35% strain. Thus, the
crack widths very closely account for the total strain and indicate that the cracks formed with little
or no deformation and spread open as the sample was deformed.

Summary of Observations

The primary heat exchanger operated in contact with fuel salt for 21,040 hr without any leaks or other
problems developing. The outside of the shell was oxidized to a depth of a few mils. The surfaces exposed
to coolant salt showed no evidence of intergranular cracking or corrosion. The tube surfaces exposed to fuel
salt had shallow intergranular cracks that opened further when samples were strained but did not propagate
much deeper into the tube wall. Since the neutron fluence received by this component was quite small,
neutron irradiation evidently was not a significant factor in causing the intergranular cracking. However, the
need for contact with the fuel salt was clearly demonstrated, since cracks were formed only on the outside
surface of the tubing.

EXAMINATION OF THE COOLANT RADIATOR
Physical Description

The energy produced in the MSRE was dissipated through a radiator cooled by air. The coolant fluid
was LiF—34 mole % BeF, and flowed through the tube side of the primary heat exchanger, the coolant
pump, and the radiator. The coolant circuit was at service conditions for about 26,000 hr. About half this
time the system was isothermal at 650°C, and during the other half the salt temperature varied from 593°C
entering the radiator to 538°C leaving.

The examination of the tubes exposed to coolant in the primary heat exchanger was described in the
previous chapter. We also examined some tubes from the inlet and outlet ends of the radiator and two
thermocouple wells located at the inlet and outlet ends of the radiator. The results of this examination will
be discussed in this section.

The details. of the construction and operation of the radiator have been reported,>* and an assembly
drawing is shown in Fig. 77. The radiator tubing was % in. OD X 0.072 in. wall, of INOR-8 heat 5097 (see
Table 4 for chemical composition). The tubing was fabricated by Wall Tube and Metal Products Company,
Newport, Tennessee, to specifications MET-RM-B-163, MET-NDT-3, and MET-NDT-165. After fabrication
the material was annealed at some unspecified temperature, likely in the range 1000 to 1200°C.

‘ 34. R. C. Robertson, MSRE Design and Operations Report, Part I, Description of Reactor Design, ORNL-TM-728
(January 1965).
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The details of the thermocouple wells are shown in Fig. 78. The well itself was fabricated from INOR-8
heat 2477 and welded to the 5-in. schedule-40 header pipe of INOR-8 heat Y-8699 (see Table 4 for
compositions). As shown in Fig. 78, the well was machined with a lip that had to be hand finished in the
field to fit the contour of the 5-in. pipe.

Observations

Visual examination of the tubing revealed an adherent oxide on the outside surface, which was exposed
to air. The inside surface of the tubing was exposed to coolant salt and was very clear and free of deposits
of metal or salt. A _

Typical photomicrographs of the as-received tubing are shown in Fig. 79. The relatively fine grain size
of the material and the carbide stringers in the primary working direction are evident in Fig. 79(). Figure
79(b) shows a typical high-magnification view of the carbide stringers in the as-polished condition. The
carbide is quite brittle, and the particles fracture during fabrication to produce cracks a few tenths of a mil
long. An etched view of the inside edge is shown in Fig. 79(c). The etchant attacked the carbide readily,
causing particles to fall out and to leave holes. A typical etched cross-sectional view is shown in Fig. 79(d).
The stringers are not apparent since they are being viewed from the ends. ' ,

The microstructure of the tubing was altered two ways during service. The outside of the tubing was
oxidized, and the inside of the tubing etched more rapidly to a depth of about 5 mils. These changes are
shown in Fig. 80 for tubing at the inlet end and in Fig. 81 for the outlet end. The oxidation is not
excessive, and the penetration of the oxide front is typical for nickel alloys with chromium content as low
as that in INOR-8. '

We investigated further the difference in etching characteristics near the inside surface of the tubing. A
less aggressive electrolytic etchant was used to delineate the carbide structure better. The as-received
material is shown in Fig. 82. There is still some attack of the primary carbide stringers, but very few fine
carbide particles are present. The tubing from the inlet end of the heat exchanger is shown in Fig. 83. Fine
carbide is present throughout the material, concentrated along the grain boundaries and even more
concentrated near the surface. The tubing from the outlet end looked very similar. Thus the long time in
service caused carbide to precipitate throughout the material, particularly near the inside surface.

In further pursuit of the different etching characteristics near the surface, we examined the samples
with the electron microprobe analyzer. No composition variations in Cr, Mo, Ni, or Fe were observable to
within 2 um of the surface (the allowable working range on these samples). The lubricants used in drawing
tubing are often high in silicon or carbon, but the concentrations of these elements were too low for the
electron microprobe analyzer. We machined turnings from the tube for analysis for these elements, and the
results are given in Table 10. The analysis shows a higher carbon concentration at the inside surface, a fact
that should lead to increased carbide precipitation. The carbon would be dissolved by the postfabrication
anneal and reprecipitate during service.

We tensile tested a piece of pipe from the outlet end and a piece of as-received tubing from the same lot
(heat 5101). The properties are given in Table 11. The only significant property changes were the fracture
strain and the reduction in area. However, these changes are rather modest and do not indicate a serious
embrittlement of the material. :

The inlet thermocouple well after it was cut off with a coated welding electrode is shown in Fig. 84.
The oxidized appearance and the metal fragments on the part arose from the cutting operation. The circular
piece of material is part of the 5-in. pipe wall. The thermocouple well was machined from bar stock and
extended about 3 in. into the flowing salt stream. The cross-sectional view of part of the inlet well in Fig.
85 makes the geometry more evident. The pipe wall, the welds, and the thermocouple well are evident.

ue
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Table 10. Chemical analysés of sections of as-received
INOR-8 radiator tubing

Silicon (%) Carbon (%)
Inner § mils of wall 0.53 0.095
Center 62 mils of wail 0.79 0.073
Outer § mils of wall 0.79 0.036
Bulk composition 0.62°% 0.06°

%Vendor analysis; others made at ORNL.

Table 11. Tensile properties at 25°C of INOR-8
tubing from the outlet end of the MSRE
heat exchanger and as-received material

Yield Ultimate Fracture Reduction
stress tensile strain, in
(psi) stress (psi) % in 2 in. area (%)

As received 63,500 123,100 52.0 44.]1
Heat exchanger 64,600 123,800 38.8 29.5

Metallographic examination of the mounted cross section shown in Fig. 85 revealed that the weld had
cracked on the salt side of the pipe. The cracks on both of the polished surfaces in Fig. 85 are shown in Fig.
86. In the worst case the cracks penetrated to a depth of about 3 mils. The remaining half of the well was
cleaned by acid etching to remove the metal left from the cutting operation, and the weld was checked with
dye penetrant. A photograph of the weld with dye still present is shown in Fig. 87. Note that the crack, as
indicated by the dark color, extends almost completely around the weld. There is also an area where
penetration of the root pass was incomplete. We propose that the cracks formed as the weld was made,
bécause of the poor fit-up of the parts‘to be welded. The welds were not stress relieved, and the fact that
th%e“ cracks did not penetrate further attests to the lack of stress and crevice corrosion by lithjum-beryllium
fluoride salts.

We did not section the outlet well, but we did clean the weld and examine it with dye penetrant. No
cracks were observed.

" The outside surface of the 5-in. pipe was exposed to air and was oxidized. Figure 88 shows the spotty
nature of the oxide and its maximum thickness of about 3 mils.

A cross section from the bottom of the well was examined. A macroscopic view of this section is shown
in Fig. 89. The inside of the well was prepared by drilling, and the pointed shape of the drill is still apparent
at the bottom. The weld metal deposit on the bottom was made to ensure that salt did not leak along the
carbide stringers. The amount of oxidation was greater at the bottom of the well than further up. The
transition to the thinner oxide about % in. from the bottom is apparent in Fig. 89. Figure 90(a) shows the
oxide layer of about 5 mils at the bottom of the well, and Fig. 90(b) shows the abrupt transition about ‘4
in. from the bottom. Since lubricant would have been used during drilling, we suggest that this difference
may have been due to the bottom of the well not being as clean as the sides.

A further significant observation was that the surfaces of the well exposed to the salt looked quite
similar to those of surveillance samples removed from the MSRE (Fig. 91). We have previously attributed
this modified surface structure to cold working from machining and have shown that it can be produced in
the absence of salt. The structure likely results from carbide forming on the slip bands produced by
machining. Thus there is no evidence of corrosion of this part.
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7. A crack was noted in the weld that attached: the thermocouple well to the radiator coolant salt
header. This crack was restricted to the root pass and was likely a result of poor fit-up of the parts. The
crack probably formed when the weld was made and did not propagate during service.

8. Oxide films were formed on all the INOR-8 surfaces exposed to air or the cell environment of
nitrogen containing 2 to 5% O,. The oxide generally consisted of a uniform surface layer about 1 mil thick
and a selective oxidation front extending to a depth of 4 or 5 mils. This depth and type of oxidation are
what would be expected for an alloy that contains only 7% Cr, such as INOR-8.

9. A copper sample capsule that had been in the fuel salt pump bowl for several thousand hours was
very brittle. Chemical analysis showed that constituents of the fuel salt and INOR-8 had penetrated the
copper, but the element responsible for the embrittlement was not identified.
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